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D E V E L O P M E N T O F A S U C C E S S F U L D I R E C T - C U R R E N T 
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B Y B . G. L A M M E 
T h i s p a p e r i s n o t i n t e n d e d t o b e a t h e o r e t i c a l d i s c u s s i o n of 
t h e pr inc ip les of un ipo lar m a c h i n e s ; n e i t h e r is i t a p u r e l y descr ip ­
t i v e art ic le . I t i s ra ther a record of e n g i n e e r i n g e x p e r i e n c e s 
o b t a i n e d , a n d diff icult ies o v e r c o m e , i n t h e prac t i ca l d e v e l o p m e n t 
of a large m a c h i n e of t h e u n i p o l a r t y p e . F o r t h o s e w h o are i n ­
t e r e s t e d i n t h e d e s i g n s a n d d e v e l o p m e n t of e l ec tr i ca l m a c h i n e r y 
there m a y b e m a n y p o i n t s of v e r y c o n s i d e r a b l e i n t e r e s t i n t h i s 
record. S o m e of the c o n d i t i o n s of o p e r a t i o n , w i t h t h e i r a t t e n d ­
a n t diff icult ies , p r o v e d t o b e so u n u s u a l t h a t It i s b e l i e v e d t h a t 
a s t r a i g h t f o r w a r d s t o r y of t h e s e t r o u b l e s , a n d t h e m e t h o d s for 
correc t ing t h e m , wi l l b e of s o m e v a l u e a s a p u b l i s h e d record. 
T w o t h e o r e t i c a l q u e s t i o n s of unipo lar d e s i g n h a v e c o m e u p 
f r e q u e n t l y ; (1) w h e t h e r t h e m a g n e t i c flux r o t a t e s or t r a v e l s 
w i t h r e s p e c t t o t h e rotor of t h e s t a t o r ; a n d (2) w h e t h e r i t i s 
poss ib le t o g e n e r a t e e .m. f s . i n t w o or m o r e c o n d u c t o r s i n ser ies 
in s u c h a w a y t h a t t h e y c a n b e c o m b i n e d in o n e d i r e c t i o n , w i t h ­
o u t t h e a id of a c o r r e s p o n d i n g n u m b e r of pairs of co l l ec tor r ings , 
t o g i v e h i g h e r e .m. f s . t h a n a s ing le c o n d u c t o r . 
T o t h e first q u e s t i o n t h e a n s w e r m a y b e m a d e t h a t i n t h e 
m a c h i n e i n q u e s t i o n , i t m a k e s n o difference w h e t h e r t h e flux 
r o t a t e s or i s s t a t i o n a r y ; t h e resu l t i s t h e s a m e o n e i t h e r a s s u m p ­
t i o n . T o t h e s e c o n d i t m a y b e sa id t h a t w h e n t h e t h e o r y of inter-
l i n k a g e s of t h e e lec tr ic a n d m a g n e t i c c ircu i t s i s p r o p e r l y c o n ­
s idered , i t i s o b v i o u s t h a t t h e r e s u l t a n t e .m.f . i s e q u i v a l e n t t o t h a t 
of o n e e f fec t ive c o n d u c t o r , a n d there fore i t i s n o t p r a c t i c a b l e 
t o o b t a i n h i g h e r e .m. f s . t h a n r e p r e s e n t e d b y o n e c o n d u c t o r , 
w i t h o u t t h e u s e of co l l ec tor rings or s o m e e q u i v a l e n t d e v i c e . I t 
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h a s b e e n p r o p o s e d i n t h e p a s t , b y m e a n s of cer ta in a r r a n g e m e n t s 
of l i q u i d c o n d u c t o r s i n i n s u l a t i n g t u b e s , t o a d d t h e e .m. f s . of 
severa l c o n d u c t o r s i n series , b u t s u c h a s c h e m e d o e s n o t a p p e a r 
t o b e a prac t i ca l d e v i c e . There fore , t h e t h e o r e t i c a l c o n s i d e r a ­
t i o n s b e i n g l a r g e l y e l i m i n a t e d , t h e a u t h o r conf ines h imse l f t o 
t h e prac t i ca l s ide o n l y . 
I n 1896 t h e wr i ter d e s i g n e d a s m a l l u n i p o l a r g e n e r a t o r of 
a p p r o x i m a t e l y t h r e e v o l t s a n d 6 0 0 0 a m p e r e s c a p a c i t y a t a 
s p e e d of 1500 r e v . per m i n . T h i s m a c h i n e w a s b u i l t for m e t e r t e s t ­
i n g a n d t h e o c c a s i o n for i t s d e s i g n l a y i n t h e c o n t i n u e d t r o u b l e 
e n c o u n t e r e d w i t h former m a c h i n e s of t h e c o m m u t a t o r t y p e 
d e s i g n e d for v e r y h e a v y current s a t l o w v o l t a g e s . 
T h e genera l c o n s t r u c t i o n of t h i s e a r l y m a c h i n e i s s h o w n i n 
F i g . 1. T h e r o t a t i n g par t of t h i s m a c h i n e c o n s i s t e d of a bras s 
c a s t i n g , cy l indr ica l s h a p e d , w i t h a centra l w e b , v e r y s imi lar 
t o a c a s t m e t a l p u l l e y . T h e t w o 
o u t e r e d g e s of t h i s p u l l e y or r ing 
s e r v e d a s co l l ec tor r ings for col ­
l e c t i n g t h e current a s i n d i c a t e d 
i n t h e figure, w h i l e t h e b o d y of t h e 
s a m e ' r ing s e r v e d as t h e s ing le 
c o n d u c t o r . T h e o b j e c t of t h i s 
c o n s t r u c t i o n of ro tor w a s t o o b t a i n 
a f o r m w h i c h c o u l d b e v e r y q u i c k l y 
r e n e w e d i n c a s e of rap id w e a r , a s 
t h i s a r r a n g e m e n t w o u l d a l l o w a 
smal l c a s t i n g t o b e m a d e a n d s i m p l y t u r n e d u p t o f o r m a n e w 
rotor . H o w e v e r , t h i s r e n e w a l f ea ture h a s n o t b e e n of v e r y 
grea t i m p o r t a n c e for t h e rotor of t h e first m a c h i n e w a s r e p l a c e d 
o n l y af ter 12 y e a r s ' s erv ice . T h i s per iod of course d i d n o t 
represent c o n t i n u o u s serv ice , for t h i s par t i cu lar m a c h i n e w a s 
u s e d for m e t e r t e s t i n g p u r p o s e s or w h e r e large c u r r e n t s w e r e 
required o n l y o c c a s i o n a l l y . 
A n u m b e r of pecu l iar c o n d i t i o n s w e r e f o u n d i n t h i s m a c h i n e . 
I n t h e in i t ia l d e s i g n t h e l e a d s for carry ing t h e current a w a y 
f r o m t h e b r u s h e s w e r e p u r p o s e l y carried p a r t w a y a r o u n d t h e 
shaf t i n order t o o b t a i n t h e effect of a series w i n d i n g b y m e a n s 
of t h e l e a d s t h e m s e l v e s . I n prac t i ce , t h e y w e r e f o u n d t o a c t i n 
t h i s m a n n e r a n d , i n f a c t , t h e y o v e r - c o m p o u n d e d t h e m a c h i n e 
p o s s i b l y 3 0 t o 4 0 per c e n t . I n c o n s e q u e n c e , i t w a s n e c e s s a r y 
t o s h u n t t h e m b y m e a n s of c o p p e r s h u n t s a r o u n d t h e sha f t i n 
t h e o p p o s i t e d i rec t ion . 
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S h o r t l y af ter t h i s m a c h i n e w a s p u t i n o p e r a t i o n t h e r e w a s c o n ­
s iderable c u t t i n g of t h e b r u s h e s a n d r ings , e s p e c i a l l y a t v e r y 
h e a v y currents . I t w a s f o u n d t h a t b l o c k g r a p h i t e , u sed a s a 
l u b r i c a n t , g a v e s a t i s f a c t o r y resu l t s . T h i s m a c h i n e w a s o p e r a t e d 
u p t o 1 0 , 0 0 0 t o 1 2 , 0 0 0 a m p e r e s for shor t per iods . 
T h e d e s c r i p t i o n of t h e a b o v e m a c h i n e h a s b e e n g o n e i n t o ra ther 
fu l ly , a s i t w a s a forerunner of t h e 2 0 0 0 - k w . m a c h i n e w h i c h wi l l 
b e descr ibed i n t h e f o l l o w i n g p a g e s . T h e genera l pr inc ip le of 
c o n s t r u c t i o n a n d t h e genera l a r r a n g e m e n t of t h e t w o p a r t s , or 
p a t h s , of t h e m a g n e t i c c ircui t are p r a c t i c a l l y t h e s a m e i n t h e t w o 
m a c h i n e s , a s wi l l b e s h o w n . 
I n 1 9 0 4 , d u e t o t h e r a p i d l y i n c r e a s i n g use of s t e a m t u r b i n e s , 
t h e q u e s t i o n of b u i l d i n g a t u r b o - g e n e r a t o r of t h e u n i p o l a r t y p e 
w a s b r o u g h t u p , a n d a n i n v e s t i g a t i o n w a s m a d e b y t h e wr i t er 
t o d e t e r m i n e t h e poss ib i l i t i e s . T h i s s t u d y i n d i c a t e d t h a t a 
c o m m e r c i a l m a c h i n e for d i rec t c o n n e c t i o n t o a s t e a m t u r b i n e 
c o u l d b e c o n s t r u c t e d , p r o v i d e d a v e r y h i g h per iphera l s p e e d w a s 
a l l o w a b l e a t t h e co l l ec tor r ings or current c o l l e c t i n g surfaces . I t 
a p p e a r e d t h a t t h e v e l o c i t y a t s u c h co l l ec tor surfaces w o u l d h a v e 
t o b e a t l e a s t 2 0 0 t o 2 5 0 fee t per s e c o n d , i n order t o k e e p t h e 
m a c h i n e d o w n t o permis s ib l e p r o p o r t i o n s of ' t h e m a g n e t i c 
c i rcu i t , a n d t o a l l o w a r e a s o n a b l y h i g h t u r b i n e s p e e d . C o n ­
t r a r y t o t h e u s u a l i d e a , t h e v e r y h igh s p e e d s o b t a i n a b l e w i t h 
s t e a m t u r b i n e s are n o t a d v a n t a g e o u s for u n i p o l a r m a c h i n e s . 
F o r e x a m p l e , w h i l e m a i n t a i n i n g a g i v e n per iphera l s p e e d a t t h e 
current c o l l e c t i n g surface , if t h e r e v o l u t i o n s per m i n u t e of t h e 
ro tor are d o u b l e d , t h e n t h e d i a m e t e r of t h e ro tor c o l l e c t i n g 
r i n g s i s h a l v e d , a n d t h e d i a m e t e r of t h e m a g n e t i c core surrounded 
b y t h e co l l ec tor r ings i s m o r e t h a n h a l v e d , a n d t h e e f fec t ive 
s e c t i o n of cor 3 i s r e d u c e d t o l e s s t h a n o n e - f o u r t h . T h e e.m.f. 
g e n e r a t e d per r ing or c o n d u c t o r , there fore , o n t h e b a s i s of flux 
a l o n e , w o u l d b e r e d u c e d t o l e s s t h a n o n e - f o u r t h , b u t a l l o w i n g 
for t h e d o u b l e d r e v o l u t i o n s per m i n u t e , i t b e c o m e s p r a c t i c a l l y 
one-hal f . 
O n t h e o t h e r h a n d , if t h e r e v o l u t i o n s are r e d u c e d , w h i l e t h e 
s p e e d of t h e co l l ec tor r ing i s k e p t c o n s t a n t , t h e n t h e e.m.f. 
per r ing c a n b e i n c r e a s e d , a s the , cross s e c t i o n of t h e m a g n e t i c 
c i rcu i t i n c r e a s e s r a p i d l y w i t h r e d u c t i o n i n t h e n u m b e r of r e v o ­
l u t i o n s . B u t a t a m a t e r i a l l y r e d u c e d s p e e d , t h e t o t a l m a t e r i a l 
i n t h e m a g n e t i c c i rcu i t b e c o m e s u n d u l y h e a v y . I n c o n s e q u e n c e , 
if t h e s p e e d i s r e d u c e d t o o m u c h , t h e n t h e m a c h i n e b e c o m e s t o o 
large a n d e x p e n s i v e , w h i l e w i t h t o o grea t a n increase i n s p e e d , 
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t h e e.m.f. per r ing b e c o m e s l o w or t h e per ipheral s p e e d of t h e 
r ings m u s t b e v e r y h i g h . I t is des irable t o k e e p t h e n u m b e r 
of co l l ec tor r ings a s s m a l l a s poss ib le , for e a c h pair of r ings h a n d l e s 
t h e full current of t h e m a c h i n e , a n d therefore a n y increase 
i n t h e n u m b e r of rings m e a n s t h a t t h e full current m u s t b e co l ­
l e c t e d a c o r r e s p o n d i n g l y large n u m b e r of t i m e s . T h e r e f o r e , 
i t w o r k s o u t t h a t t h e range of s p e e d s , w i t h i n w h i c h t h e u n i p o l a r 
m a c h i n e b e c o m e s c o m m e r c i a l l y prac t i cab le , i s ra ther narrow. 
I n 1906 , a n order w a s t a k e n for a 2 0 0 0 - k w . 1200-rev . per m i n . , 
2 6 0 - v o l t , 7 7 0 0 - a m p e r e un ipo lar genera tor t o b e i n s t a l l e d i n a 
Por t lan d c e m e n t w o r k s n e a r E a s t o n , P a . T h e f a c t t h a t i t i s 
a c e m e n t w o r k s s h o u l d b e e m p h a z i s e d , a s h a v i n g a c o n s i d e r a b l e 
bear ing o n t h e h i s t o r y of t h e o p e r a t i o n of t h i s m a c h i n e , a s wi l l 
b e s h o w n later . 
Ιη,π,,ααίΐ,π,,π,η 
i l l •^ΑΌΌΌ'ΟΗΗΙ /flt=^ 
FIG. 2 
T h i s 2 0 0 0 - k w . m a c h i n e d o e s n o t represent a n y t h e o r e t i c a l l y 
radica l f e a t u r e s , b e i n g s imi lar i n t y p e t o t h e smal l er m a c h i n e 
a l r e a d y descr ibed , b u t m o d i f i e d s o m e w h a t i n a r r a n g e m e n t t o 
a l l o w t h e u s e of a large n u m b e r of current p a t h s a n d c o l l e c t o r 
rings. T h e genera l c o n s t r u c t i o n of t h i s m a c h i n e i s i n d i c a t e d 
i n F i g . 2 . 
T h e s t a t o r core a n d t h e rotor body^ are m a d e of so l id s t e e l , 
t h e s t a t o r b e i n g c a s t , w h i l e t h e rotor i s a forg ing . T h e r e ar e 
e i g h t co l l ec tor r ings a t e a c h e n d of t h e ro tor , t h e c o r r e s p o n d i n g 
r ings of t h e t w o e n d s b e i n g c o n n e c t e d t o g e t h e r b y so l id r o u n d 
c o n d u c t o r s , t h e r e b e i n g s ix c o n d u c t o r s per ring, or 4 8 c o n ­
d u c t o r s t o t a l . I n e a c h c o n d u c t o r i s g e n e r a t e d a n o r m a l 
e.m.f. of 3 2 . 5 v o l t s , a n d w i t h all t h e rings c o n n e c t e d i n ser ies , 
t h e t o t a l v o l t a g e i s 2 6 0 . 
T h e s t a t o r core , a t w h a t m i g h t b e ca l led t h e p o l e f a c e , i s b u i l t 
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u p of l a m i n a t e d i ron , f o r m i n g a r ing a r o u n d t h e rotor . T h i s 
w a s l a m i n a t e d i n order t o furnish a n e a s y m e t h o d for o b t a i n i n g 
t h e s t a t o r s lo t s in w h i c h t h e c o n d u c t o r s l ie w h i c h c o n n e c t t o ­
g e t h e r t h e brushes or b r u s h ho lders for t h r o w i n g t h e pairs of 
r ings in series . T h e s lo t s i n t h e s t a t o r l a m i n a t i o n s w e r e m a d e 
o p e n , a s i n d i c a t e d i n F i g . 3 , i n order t o read i ly inser t t h e s t a t o r 
c o n d u c t o r s . T h e r e are 16 s lo t s in t h i s r ing , a n d i n e a c h s lo t 
there is p l a c e d o n e large so l id c o n d u c t o r . 
A s first a s s e m b l e d , n o n - m e t a l l i c w e d g e s w e r e u s e d t o c lose 
t h e s e s l o t s , b u t la ter t h e s e were c h a n g e d t o cas t i ron for r e a s o n s 
w h i c h wi l l b e e x p l a i n e d later . 
T h e rotor core c o n s i s t s of o n e large forg ing , a s i n d i c a t e d i n 
F i g . 2 . L e n g t h w i s e of t h i s ro tor are 12 h o l e s for v e n t i l a t i n g 
FIG. 3 FIG. 4 
p u r p o s e s or ig ina l ly 2 f in . d i a m e t e r . E a c h of t h e s e h o l e s c o n ­
n e c t e d t o t h e ex terna l surface b y m e a n s of n i n e I f in . radia l 
h o l e s a t e a c h e n d of t h e rotor , t h e s e h o l e s c o r r e s p o n d i n g t o m i d -
p o s i t i o n s b e t w e e n t h e co l l ec tor r ings . I t w a s i n t e n d e d t o t a k e 
air i n a t e a c h e n d of t h e rotor a n d f eed i t o u t b e t w e e n t h e co l l ec ­
tor r ings for coo l ing . I n a d d i t i o n , a s or ig ina l ly c o n s t r u c t e d , 
there w a s a large e n c l o s e d f a n a t e a c h e n d , a s i n d i c a t e d i n F i g . 
4. T h e s e f a n s t o o k air i n a l o n g t h e shaf t a n d d i r e c t e d i t o v e r 
t h e co l l ec tor r ings paral le l t o t h e shaf t . T h e o b j e c t of t h i s w a s 
t o furn i sh a n e x t r a a m o u n t of air for c o o l i n g t h e sur faces of t h e 
r ings , a n d t h e b r u s h e s a n d b r u s h h o l d e r s , a s i t w a s e s t i m a t e d 
t h a t t h e b r u s h e s a n d b r u s h h o l d e r s t h e m s e l v e s c o u l d c o n d u c t 
a w a y a cons iderab le a m o u n t of h e a t f r o m t h e r ings b y d irec t 
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c o n t a c t , a n d t h a t t h e coo l ing air f r o m t h e f a n s , c i rcu la t ing a m o n g 
t h e b r u s h ho lders , w o u l d carry a w a y th i s h e a t . T h e s e f a n s 
w e r e r e m o v e d dur ing t h e p r e l i m i n a r y t e s t s , for r e a s o n s w h i c h wi l l 
b e g i v e n later . 
T h e ro tor co l l ec tor r ings c o n s i s t e d of e i g h t large r ings a t e a c h 
e n d , i n s u l a t e d f r o m t h e core b y s h e e t m i c a , a n d f r o m e a c h o t h e r 
b y air s p a c e s b e t w e e n t h e m . E a c h r ing h a s 4 8 h o l e s paral le l 
t o t h e shaf t . T h e s e h o l e s are of s l i g h t l y larger d i a m e t e r t h a n 
FIG. 5 
t h e rotor c o n d u c t o r s o u t s i d e the ir i n s u l a t i o n . S ix h o l e s in 
e a c h r ing w e r e t h r e a d e d t o c o n t a i n t h e e n d s of s ix of t h e c o n d u c ­
tor s w h i c h w e r e j o i n e d t o e a c h ring. T h e s ix c o n d u c t o r s c o n ­
n e c t e d t o e a c h r ing w e r e s p a c e d s y m m e t r i c a l l y a r o u n d t h e core . 
F i g . 5 s h o w s t h i s c o n s t r u c t i o n . 
T h e ro tor c o n d u c t o r s , 4 8 i n n u m b e r , cons i s t of o n e in . c o p p e r 
rods , o u t s i d e of w h i c h is p l a c e d a n i n s u l a t i n g t u b e of h a r d m a ­
terial . E a c h c o n d u c t o r , i n fac t , cons i s t s of t w o l e n g t h s a r r a n g e d 
for j o i n i n g i n t h e m i d d l e . T h e o u t e r e n d of e a c h c o n d u c t o r 
i s u p s e t t o g i v e a d i a m e t e r 
larger t h a n t h e i n s u l a t i n g t u b e s , 
a n d a t h r e a d is c u t o n t h i s e x ­
p a n d e d
 x par t . Af t er t h e r ings 
w e r e i n s t a l l e d o n t h e core , t h e 
r o d s w e r e i n s e r t e d t h r o u g h t h e 
ho le s t o t h e t h r e a d e d p a r t of a 
r ing a n d w e r e t h e n s crewed p I G . β 
h o m e . 
A t t h e m i d d l e p a r t of t h e ro tor core , a g r o o v e i s c u t a s s h o w n 
i n F i g . 6. I n t o t h i s g r o o v e t h e t w o h a l v e s of e a c h c o n d u c t o r 
projec t . T h e s e t w o e n d s are t h e n c o n n e c t e d t o g e t h e r b y s t r a p 
c o n d u c t o r s i n s u c h a w a y as t o g i v e flexibility i n c a s e of e x p a n ­
s i o n of t h e c o n d u c t o r s l e n g t h w i s e . T h i s a r r a n g e m e n t i s a l so 
s h o w n i n F i g . 6. 
W i t h t h i s a r r a n g e m e n t t h e r e i s n o p o s s i b i l i t y w h a t e v e r of 
t h e c o n d u c t o r s t u r n i n g af ter o n c e b e i n g c o n n e c t e d . T h e r e i s 
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a ser ies of h o l e s f r o m t h e ax ia l h o l e s t h r o u g h t h e shaf t t o t h i s 
centra l g r o o v e , for t h e purpose of a l l o w i n g s o m e v e n t i l a t i n g air 
t o f low o v e r t h e centra l c o n n e c t i o n s . 
A s or ig ina l ly c o n s t r u c t e d , t h e c o n d u c t o r s p a s s e d t h r o u g h c o m ­
p l e t e l y e n c l o s e d h o l e s near t h e surface of t h e ro tor core , a s i n ­
d i c a t e d i n F i g . 7. T h i s c o n s t r u c t i o n w a s a f t e r w a r d s modi f i ed 
t o a c e r t a i n e x t e n t . T h e face of t h e ro tor a t t h i s p o i n t w a s a l so 
so l id , a s or ig ina l ly c o n s t r u c t e d . T h i s w a s a f t erwards c h a n g e d , 
a s wi l l b e descr ibed later . 
T h e co l l ec tor rings, a s or ig ina l ly c o n s t r u c t e d , c o n s i s t e d of 
a b a s e ring w i t h a w e a r i n g ring o n the o u t s i d e , a s s h o w n i n F i g . 
8. B o t h rings w e r e m a d e of a spec ia l b r o n z e , w i t h h i g h e la s t i c 
l i m i t a n d u l t i m a t e s t r e n g t h . O n t h e p r e l i m i n a r y t e s t s t h e s e 
r ings s h o w e d cer ta in diff iculties a n d requ ired v e r y c o n s i d e r a b l e 
m o d i f i c a t i o n s , a n d severa l different d e s i g n s w e r e d e v e l o p e d 
dur ing t h e p r e l i m i n a r y o p e r a t i o n , a s wi l l b e descr ibed . 
T h e e i g h t s e t s of b r u s h ho lders a t e a c h e n d are carried b y 
e i g h t c o p p e r s u p p o r t i n g r ings . T h e s e s u p p o r t i n g r ings are 
i n s u l a t e d f r o m t h e f r a m e of t h e m a c h i n e b u t are c o n n e c t e d i n 
ser ies b y m e a n s of t h e c o n d u c t o r s t h r o u g h t h e s t a t o r s l o t s . 
T h e r e are 16 b r u s h ho lders s t u d s per r ing a n d t w o b r u s h h o l d e r s 
per s t u d , e a c h c a p a b l e of t a k i n g a c o p p e r leaf b r u s h | in . w i d e 
b y I f i n . t h i c k . T h e s e b r u s h ho lders are s p a c e d p r a c t i c a l l y 
u n i f o r m l y a r o u n d t h e s u p p o r t i n g rings. T h e s u p p o r t i n g c o p p e r 
rings are c o n t i n u o u s or c o m p l e t e c ircles , so t h a t t h e current 
c o l l e c t e d f r o m t h e b r u s h e s are carr ied i n b o t h d i r e c t i o n s 
a r o u n d t h e ring. T h e r e are t w o c o n d u c t o r s carr ied f r o m e a c h 
ring t h r o u g h t h e s t a t o r s l o t s t o a ring o n t h e o p p o s i t e s ide of t h e 
m a c h i n e , i n order t o c o n n e c t t h e v a r i o u s b r u s h h o l d e r s i n ser ies . 
T h e a r r a n g e m e n t is i l l u s t r a t e d i n F i g . 9. 
T h e a b o v e descr ip t ion represent s t h e m a c h i n e as or ig ina l ly 
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c o n s t r u c t e d a n d p u t o n s h o p t e s t . F r o m t h i s p o i n t o n , t h e 
real s t o r y b e g i n s . V a r i o u s u n e x p e c t e d t r o u b l e s d e v e l o p e d , e a c h 
of w h i c h requ ired s o m e m i n o r m o d i f i c a t i o n i n t h e c o n s t r u c t i o n of 
t h e m a c h i n e a n d , m o r e o v e r , t h e s e t r o u b l e s occurred i n ser ies , 
t h a t i s , e a c h t r o u b l e required a c e r t a i n l e n g t h of t i m e t o d e ­
v e l o p , a n d e a c h o n e w a s ser ious e n o u g h t o require a n i m m e d i a t e 
m o d i f i c a t i o n i n t h e m a c h i n e . I n c o n s e q u e n c e , t h e m a c h i n e 
w o u l d b e o p e r a t e d u n t i l a c er ta in diff iculty w o u l d d e v e l o p ; t h a t 
i s , t h a t t r o u b l e w o u l d a p p e a r w h i c h t o o k t h e l e a s t t i m e t o d e ­
v e l o p . A f t er i t w a s r e m e d i e d , a c o n t i n u a t i o n of t h e t e s t w o u l d 
s h o w a s e c o n d t r o u b l e w h i c h required a r e m e d y , a n d so o n . 
S o m e of t h e s e t r o u b l e s w e r e of a m o r e or l ess s t a r t l i n g n a t u r e , 
a s wi l l b e descr ibed later . 
T h i s m a c h i n e , after b e i n g a s s e m b l e d a c c o r d i n g t o i t s or ig ina l 
d e s i g n , w a s o p e r a t e d o v e r a per iod of severa l w e e k s i n t h e t e s t i n g 
r o o m of t h e m a n u f a c t u r i n g c o m p a n y . I t w a s o p e r a t e d b o t h 
a t n o l o a d a n d at full l o a d , a n d a careful s t u d y w a s m a d e of al l 
t h e p h e n o m e n a w h i c h w e r e i n e v i d e n c e dur ing t h e s e t e s t s . 
T h e m a c h i n e w a s first r u n a t n o - l o a d w i t h o u t field c h a r g e 
t o n o t e t h e v e n t i l a t i o n , b a l a n c e , a n d genera l r u n n i n g c o n d i t i o n s 
of t h e m a c h i n e . T h e v e n t i l a t i o n s e e m e d t o b e e x t r e m e l y g o o d , 
e s p e c i a l l y t h a t d u e t o t h e f a n s o n t h e e n d s of t h e shaf t . T h e 
n o i s e , h o w e v e r , w a s e x c e s s i v e , — s o m u c h so t h a t a n y o n e w o r k i n g 
a r o u n d t h e m a c h i n e h a d t o k e e p h i s ears p a d d e d . A t first i t 
w a s difficult t o l o c a t e t h e e x a c t source of t h i s n o i s e , b u t i t w a s 
d e t e r m i n e d t h a t t h e e n d f a n s w e r e re spons ib l e for a c o n s i d e r a b l e 
p a r t of i t . 
O n t a k i n g t h e s a t u r a t i o n c u r v e of t h e m a c h i n e , i t w a s f o u n d 
t o b e e x t r e m e l y s lugg i sh in fo l l owing a n y c h a n g e s i n t h e field 
current . T h e r e a s o n for t h i s s l u g g i s h n e s s i s o b v i o u s f r o m t h e 
c o n s t r u c t i o n of t h e m a c h i n e , e a c h m a g n e t i c c ircui t of t h e ro tor 
core b e i n g s u r r o u n d e d b y e i g h t c o n t i n u o u s co l l ec tor r ings of 
v e r y h e a v y s e c t i o n , a n d a l so b y e i g h t b r u s h h o l d e r s u p p o r t i n g 
r ings of c o p p e r of v e r y l o w res i s tance . T h e s e r ings , of course , 
f o r m e d h e a v y s e c o n d a r i e s or d a m p e r s w h i c h o p p o s e d a n y c h a n g e 
i n t h e m a i n flux. T h e t o t a l e f fect ive s e c t i o n of t h e s e r ings w a s 
e q u i v a l e n t i n re s i s tance t o a pure c o p p e r r ing h a v i n g a s e c t i o n 
of 4 9 sq . in . O n e c a n r e a d i l y i m a g i n e t h a t s u c h a r ing w o u l d b e 
v e r y e f fect ive i n d a m p i n g a n y s u d d e n flux c h a n g e s . T h i s s lug ­
g i s h n e s s of t h e m a c h i n e t o c h a n g e s in flux, h o w e v e r , w a s n o t 
a n e n t i r e l y u n e x p e c t e d resul t . 
T h e s a t u r a t i o n c u r v e s h o w e d t h a t t h e m a c h i n e c o u l d b e carried 
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c o n s i d e r a b l y h igher i n v o l t a g e t h a n or ig ina l ly c o n t e m p l a t e d , for 
a p p a r e n t l y t h e m a g n e t i c propert i e s of t h e h e a v y s t ee l p a r t s 
were v e r y g o o d , a n d i t w a s poss ib le t o force t h e i n d u c t i o n s i n 
t h e s e p a r t s t o m u c h h igher d e n s i t y t h a n w a s c o n s i d e r e d prac ­
t i c a b l e i n w o r k i n g o u t t h e des ign . T h i s g a v e cons iderab le l e e ­
w a y for c h a n g e s w h i c h la ter w e r e f o u n d t o b e n e c e s s a r y . 
I n t a k i n g t h e s a t u r a t i o n c u r v e , t h e p o w e r for d r i v i n g t h e 
m a c h i n e w a s m e a s u r e d a n d i t w a s f o u n d t h a t t h e r e w e r e prac ­
t i c a l l y n o i ron losses in t h e m a c h i n e ; t h a t i s , a t ful l v o l t a g e 
a t n o - l o a d t h e t o t a l m e a s u r e d lo s se s w e r e p r a c t i c a l l y t h e s a m e 
a s w i t h o u t field charge . T h i s a p p a r e n t l y e l i m i n a t e d o n e p o s ­
s ib le source of lo s s w h i c h w a s a n t i c i p a t e d , n a m e l y , t h a t d u e t o 
t h e large o p e n s lo t s i n t h e s t a t o r po l e face , t h e s e s l o t s b e i n g v e r y 
w i d e c o m p a r e d w i t h t h e c l earance b e t w e e n t h e s t a t o r a n d rotor . 
Af ter c o m p l e t i o n of t h i s t e s t t h e m a c h i n e w a s t h e n r u n o n 
shor t c ircui t . A p p a r e n t l y , a s t h e r e w a s n o i ron l o s s s h o w n in 
t h e n o - l o a d full v o l t a g e c o n d i t i o n , t h e shor t c ircui t t e s t w i t h full 
l o a d current s h o u l d c o v e r all t h e lo s ses in t h e ro tor w h i c h w o u l d 
b e f o u n d w i t h full l o a d current a t full v o l t a g e . E x p e r i e n c e 
a f t erward p r o v e d t h i s a s s u m p t i o n t o b e correct , for i n i t s final 
f o r m t h e m a c h i n e w o u l d o p e r a t e u n d e r p r a c t i c a l l y t h e s a m e 
c o n d i t i o n as regards t e m p e r a t u r e , e t c . , a t ful l v o l t a g e as i t w o u l d 
s h o w a t shor t c ircui t , carry ing t h e s a m e current , t h e pr inc ipa l 
d i f ference b e i n g t h e t e m p e r a t u r e of t h e field coi l . 
I t w a s i n t h i s shor t c ircui t t e m p e r a t u r e r u n t h a t t h e real 
t r o u b l e s w i t h t h e m a c h i n e b e g a n . T h e m e a s u r e d lo s se s , w h e n 
r u n n i n g o n shor t c ircui t , w e r e s o m e w h a t h igher t h a n i n d i c a t e d 
b y t h e re s i s tance b e t w e e n t e r m i n a l s t i m e s t h e s q u a r e of t h e 
current . T h e s e e x t r a losses w e r e a f u n c t i o n of t h e l o a d a n d 
i n c r e a s e d m o r e r a p i d l y w i t h h e a v y currents . T h e m e a s u r e d 
p o w e r i n d i c a t e d t h a t t h e s e exces s los ses w e r e p r i n c i p a l l y d u e t o 
e d d y currents . H o w e v e r , t h e t o t a l l o s ses i n d i c a t e d i n t h e s e 
p r e l i m i n a r y t e s t s , a l t h o u g h s o m e w h a t h igher t h a n c a l c u l a t e d , 
w e r e st i l l w i t h i n a l l o w a b l e l i m i t s , a s cons iderab le m a r g i n h a d b e e n 
a l l o w e d i n t h e or ig inal p r o p o r t i o n s t o t a k e care of a cer ta in 
a m o u n t of loss . I t w a s therefore c o n s i d e r e d s a t i s f a c t o r y t o g o 
a h e a d w i t h t h e short c ircui t t e s t s , a n d i n m a k i n g t h e s e i t w a s 
t h e i n t e n t i o n t o o p e r a t e l o n g e n o u g h t o d e t e r m i n e t h e n e c e s ­
s a r y r u n n i n g c o n d i t i o n s as regards l u b r i c a t i o n , h e a t i n g , e t c . 
A s m e n t i o n e d before , t h e or ig inal co l l ec tor r ings of t h e m a c h i n e 
e a c h c o n s i s t e d of a b a s e r ing u p o n w h i c h w a s m o u n t e d a s e c o n d ­
a r y or w e a r i n g r ing , i t b e i n g t h e i n t e n t i o n t o h a v e t h i s l a t t e r 
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r ing rep laceab le af ter i t w a s d o w n t o t h e l o w e s t p e r m i s s i b l e 
t h i c k n e s s , a s i t w o u l d b e ra ther e x p e n s i v e a n d difficult t o rep lace 
t h e b a s e r ing w h i c h carried t h e rotor c o n d u c t o r s . A s t h e inner 
r ing w a s s h r u n k o n t h e core a n d t h e o u t e r r ing w a s s h r u n k o n 
o v e r t h e b a s e r ing , w i t h a v e r y s m a l l s h r i n k a g e a l l o w a n c e , i t 
w a s c o n s i d e r e d t h a t t h e o u t e r r ing w a s i n n o d a n g e r of l o o s e n i n g 
o n t h e i n n e r r ing , e s p e c i a l l y a s b o t h r ings , b e i n g of b r o n z e , a n d 
i n g o o d c o n t a c t , s h o u l d h e a t e a c h o t h e r a t a b o u t t h e s a m e r a t e . 
T h i s a s s u m p t i o n , h o w e v e r , w a s w r o n g . T h e m a c h i n e w a s p u t 
o n shor t c ircui t l o a d of a b o u t 8 0 0 0 a m p e r e s ear ly o n e e v e n i n g 
a n d a n e x p e r i e n c e d e n g i n e e r w a s left i n charge of i t u n t i l a b o u t 
m i d n i g h t . U p t τ t h a t t i m e t h e m a c h i n e w a s w o r k i n g p e r f e c t l y , 
w i t h n o u n d e r h e a t i n g i n t h e r ings a n d n o b r u s h t r o u b l e , a l t h o u g h 
v a s e l i n e l u b r i c a t i o n w a s u s e d . A b o u t m i d n i g h t t h e e n g i n e e r 
left t h e m a c h i n e i n charge of a n i g h t opera tor , a n d a t a b o u t t h r e e 
o 'c lock i n t h e m o r n i n g t h i s o p e r a t o r s a w t h e b r u s h e s b e g i n n i n g 
t o spark a n d t h i s v e r y r a p i d l y g r e w w o r s e , so t h a t i n a v e r y f e w 
m i n u t e s h e f o u n d i t n e c e s s a r y t o s h u t 
w a s a l so n o t e d t h a t all t h e r ings w h i c h l o o s e n e d w e r e o n o n e s ide 
of t h e m a c h i n e , a n d t h a t t h e surfaces of t h e rings e x p o s e d t o 
t h e b r u s h e s w e r e v e r y b a d l y b l i s t ered . T h e b r u s h e s a l so w e r e 
i n b a d s h a p e , i n d i c a t i n g t h a t t h e r e h a d b e e n e x c e s s i v e b u r n i n g 
for a shor t t i m e . A n i n v e s t i g a t i o n of t h e l oose rings s h o w e d 
t h a t t h e y h a d l o o s e n e d o n the i r s e a t s o n t h e inner or b a s e r ings . 
I n v e s t i g a t i o n t h e n s h o w e d t h a t a t e m p e r a t u r e rise of 7 0 t o 8 0 
deg . c e n t . , c o m b i n e d w i t h t h e h i g h centr i fuga l s tresses , w o u l d 
a l l o w t h e rings t o l o o s e n v e r y m a t e r i a l l y . I t w a s t h e n a s s u m e d 
t h a t as t h e ring h a d h e a t e d u p , b a d c o n t a c t h a d r e s u l t e d b e ­
t w e e n t h e inner a n d o u t e r r ings a n d t h i s , i n t u r n , h a d c a u s e d 
a d d i t i o n a l h e a t i n g , so t h a t t h e t e m p e r a t u r e rose ra ther s u d d e n l y 
after b a d c o n t a c t o n c e f o r m e d . I t d e v e l o p e d la ter t h a t t h i s 
w a s p r o b a b l y n o t t h e t rue c a u s e of t h e t r o u b l e , b u t a t t h e t i m e 
i t w a s c o n s i d e r e d t h a t t h e r e m e d y for t h e t r o u b l e w a s i n t h e 
u s e of rings w h i c h c o u l d b e shrunk o n w i t h a greater t e n s i o n . 
I t w a s t h e n d e c i d e d t o t r y s tee l o u t e r rings i n s t e a d of b r o n z e 
t h e m a c h i n e d o w n . A n e x a m i n a t i o n 
t h e n s h o w e d t h a t severa l of t h e o u t e r 
rings h a d sh i f t ed s i d e w a y s o n t h e b a s e 
r ing , a s i n d i c a t e d i n F i g . 10. O n e of 
t h e s e r ings h a d e v e n m o v e d i n t o c o n t a c t 
w i t h a n e i g h b o r i n g ring so a s t o m a k e 
a d e a d shor t c ircui t o n t h e m a c h i n e . I t 
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o n t h e e n d w h e r e t h e b r o n z e rings h a d l o o s e n e d . H o w e v e r , u p o n 
l o a d i n g t h e m a c h i n e , af ter a p p l y i n g t h e s tee l rings, a n e w diffi­
c u l t y w a s e n c o u n t e r e d . I t w a s f o u n d t h a t t h e l o s s w a s v e r y 
g r e a t l y i n c r e a s e d o v e r t h a t w i t h t h e b r o n z e rings. T h i s l o s s 
w a s so e x c e s s i v e a s t o b e p r o h i b i t i v e , a s far a s eff ic iency w a s 
c o n c e r n e d , a n d a l so t h e t e s t s s h o w e d e x c e s s i v e h e a t i n g of t h e 
r ings a n d of t h e m a c h i n e as a w h o l e . A l s o , t h e r e w e r e c o n t i n u a l 
s m a l l s p a r k s f r o m t h e t i p s of t h e b r u s h e s , t h e s e s p a r k s b e i n g 
f r o m t h e i r o n itself , a s i n d i c a t e d b y the i r co lor and a p p e a r a n c e . 
H o w e v e r , dur ing t h e t i m e t h e s e rings w e r e o p e r a t e d t h e r e d i d 
n o t s e e m t o b e a n y u n d u e w e a r of e i ther t h e b r u s h e s or t h e rings, 
b u t o b v i o u s l y t h e r e w a s c o n t i n u e d b u r n i n g , a s i n d i c a t e d b y t h e 
sparks . W i t h t h e s e s tee l rings i t w a s f o u n d t o b e i m p o s s i b l e 
t o o p e r a t e c o n t i n u o u s l y a t a current of 8 0 0 0 a m p e r e s , d u e t o 
t h e h e a t i n g of t h e s tee l rings i n par t i cu lar a n d e v e r y t h i n g i n 
genera l . A t a l o a d of 6 0 0 0 a m p e r e s t h e los s w a s m a t e r i a l l y re­
d u c e d a n d i t w a s poss ib le t o o p e r a t e c o n t i n u o u s l y b u t w i t h v e r y 
h i g h t e m p e r a t u r e s . T h e t e s t s s h o w e d t h a t , 
w i t h t h e s tee l rings, a t full r a t e d current , t h e 
l o s s w a s a p p r o x i m a t e l y 2 0 0 k w . greater t h a n 
w i t h t h e b r o n z e rings, or a b o u t 10 per c e n t 
of t h e o u t p u t . W i t h b o t h e n d s e q u i p p e d 
w i t h s tee l rings, th i s w o u l d h a v e b e e n prac -
FIG 11 t i c a l l y d o u b l e d . 
W h i l e t h i s w a s r e c o g n i z e d a s a n e n t i r e l y 
u n s a t i s f a c t o r y o p e r a t i n g c o n d i t i o n , y e t i t a l l o w e d t h e m a c h i n e t o 
b e r u n for a l o n g e n o u g h per iod t o d e t e r m i n e a n u m b e r of o t h e r 
d e f e c t s w h i c h d i d n o t d e v e l o p i n t h e former t e s t . O n e of t h e s e 
d e f e c t s w a s an u n d u e h e a t i n g of t h e ro tor po l e face . T h i s w a s 
o b v i o u s l y n o t d u e d i r e c t l y t o b u n c h i n g of t h e flux i n t h e air g a p 
o n a c c o u n t of t h e o p e n s t a t o r s l o t s , for t h i s h e a t i n g d i d n o t a p p e a r 
w h e n r u n n i n g w i t h n o r m a l v o l t a g e w i t h o u t l o a d . F u r t h e r i n v e s t i ­
g a t i o n s h o w e d t h a t t h i s w a s a p p a r e n t l y d u e t o s o m e flux d i s ­
t o r t i n g effect of t h e s t a t i o n a r y c o n d u c t o r s i n t h e s t a t o r s l o t s , 
w h i c h carr ied a b o u t 4 0 0 0 a m p e r e s e a c h a t r a t e d l o a d . O n 
a c c o u n t of a m p l e m a r g i n i n t h e m a g n e t i z i n g co i l s t h e air g a p 
w a s t h e n m a t e r i a l l y increased , w i t h s o m e benef i t . A fur ther 
i m p r o v e m e n t r e s u l t e d i n t h e use of m a g n e t i c w e d g e s , m a d e of 
c a s t i ron , i n p l a c e of t h e n o n - m a g n e t i c w e d g e s u s e d before . 
T h e s e w e d g e s are i l l u s t r a t e d i n F i g . 11 . T h i s p r o d u c e d a fur ther 
benef ic ia l effect , b u t t h e r e w a s st i l l s o m e e x t r a h e a t i n g i n t h e 
po le face . Cy l indr i ca l g r o o v e s a l t e r n a t i n g \ i n . a n d 1 i n . d e e p 
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a n d a b o u t | in . w i d e , w i t h a \ in . w e b of s tee l b e t w e e n , w e r e 
t h e n t u r n e d i n t h e po l e face . T h e r e s u l t a n t p o l e face w a s t h e r e ­
fore c r u d e l y l a m i n a t e d , a s s h o w n i n F i g . 12. A l s o , o n a c c o u n t 
of a n a p p a r e n t local h e a t i n g of the m e t a l br idge o v e r t h e r o t o r 
s lo t s , a narrow g r o o v e w a s c u t i n t h e c losed br idge a b o v e e a c h 
rotor s lo t , t h u s c h a n g i n g it t o a par t ia l l y o p e n s lo t , a s s h o w n i n t h e 
figure. T h i s e f f ec t ive ly e l i m i n a t e d t h e e x c e s s loss i n t h e ro tor 
po le face . T h i s , h o w e v e r , l e d t o a n o t h e r u n e x p e c t e d di f f icul ty , 
w h i c h wi l l b e d e s c r i b e d la ter . 
Af ter t h i s t r o u b l e w a s c u r e d , t h e short c ircuit t e s t w a s c o n ­
t i n u e d w i t h a current of a b o u t 6000 a m p e r e s . Af ter a c o n ­
s iderable per iod of o p e r a t i o n , a v e r y ser ious diff iculty i n t h e 
o p e r a t i o n of t h e m a c h i n e b e g a n t o s h o w u p , n a m e l y , t r o u b l e 
w i t h l u b r i c a t i o n . A t first t h e l u b r i c a t i o n w a s v a s e l i n e f e d o n 
t o t h e r ings b y l u b r i c a t i n g p a d s . T h i s w a s a p p a r e n t l y v e r y 
e f fect ive for a w h i l e , b u t e v e n t u a l l y i t w a s n o t e d t h a t s l i g h t 
spark ing b e g a n , w h i c h , in s o m e c a s e s , w o u l d increase v e r y 
rap id ly a n d , i n a c o m p a r a t i v e l y 
short t i m e , b e c a m e so b a d t h a t J l j f l i ^ flf[flflfl: 
comeTadly1" scored "orTLtered. 111 II |H 
Examination of the sparking fflffllffflflllW IWIW 
brushes s h o w e d a c o a t i n g of b lack 
" s m u d g e " o v e r t h e surface w h i c h F I G . 1 2 
s e e m e d t o h a v e m o r e or less i n ­
s u l a t i n g qua l i t i e s . A series of t e s t s t h e n s h o w e d t h a t w h e n ­
e v e r Jsparking b e g a n , t h e c o n t a c t drop b e t w e e n a b r u s h a n d t h e 
co l lec tor r ing w a s fa ir ly h i g h a n d t h i s drop i n c r e a s e d a s t h e spark­
i n g increased . F o r instarice , i t w a s f o u n d t h a t o n g o o d , c l e a n 
surfaces , t h e v o l t a g e d r o p b e t w e e n t h e b r u s h e s a n d t h e r ing 
m i g h t b e 0.3 t o 0.5 v o l t . A s e a c h b r u s h carried a b o u t 250 
a m p e r e s a t full l o a d , t h i s r e p r e s e n t e d 75 t o 125 w a t t s per 
brush . W h e n t h i s c o n t a c t re s i s tance rose t o a b o u t o n e v o l t , 
n o t i c e a b l e spark ing w o u l d b e g i n , t h e w a t t s b e i n g , of c o u r s e , 
p r o p o r t i o n a l l y h igher , a n d w h e n t h e c o n t a c t drop b e c a m e a s h i g h 
as t w o v o l t s , r e p r e s e n t i n g a b o u t 500 w a t t s per b r u s h , v e r y b a d 
b u r n i n g of t h e b r u s h e s a n d r ings w a s l iable t o occur . A ser ies 
of t e s t s t h e n s h o w e d t h a t v a s e l i n e , or a n y o t h e r l u b r i c a t i n g oi l , 
w o u l d t e n d t o f o r m a c o a t i n g o v e r t h e b r u s h c o n t a c t a n d t h i s 
c o a t i n g w o u l d g r a d u a l l y b u r n , or b e a c t e d u p o n o therwi se - b y 
t h e current , s o t h a t i t s r e s i s tance i n c r e a s e d a n d t h e b l a c k 
s m u d g e w a s f o r m e d w h i c h h a d m o r e or l ess i n s u l a t i n g q u a l i t i e s . 
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A grea t n u m b e r of t e s t s w e r e t h e n carried o u t w i t h v a r i o u s 
k i n d s of l u b r i c a n t s a n d i t w a s f o u n d t h a t a n y t h i n g of a n oil 
or grease n a t u r e w a s t r o u b l e s o m e sooner or la ter , a s t h e s m u d g e 
w a s f o r m e d o n t h e b r u s h c o n t a c t . T h e n g r a p h i t e , f o r m e d i n t o 
c a k e s or b r u s h e s b y m e a n s of h i g h pessure , w a s t r i ed o n t h e r ings 
a n d t h e resu l t s w e r e v e r y f a v o r a b l e c o m p a r e d w i t h a n y t h i n g 
u s e d before . I n f a c t , t h e t e s t s i n d i c a t e d t h a t sof t g r a p h i t e 
b l o c k s or b r u s h e s c o u l d furn i sh proper l u b r i c a t i o n for t h e rings. 
T h e g r a p h i t e i s a c o n d u c t i n g m a t e r i a l , a n d a c o a t i n g of i t o n 
t h e b r u s h c o n t a c t d o e s n o t m a t e r i a l l y increase t h e re s i s tance 
of t h e c o n t a c t . T h i s w a s s u p p o s e d t o h a v e p r a c t i c a l l y s e t t l e d 
t h e q u e s t i o n of l u b r i c a t i o n a n d b r u s h c o n t a c t t r o u b l e , b u t e x ­
per ience l a t e r g a v e a n e n t i r e l y n e w t u r n t o t h i s m a t t e r . 
W h i l e t h e s e t e s t s w e r e b e i n g carried o n , a s t u d y of t h e v e n t i l a ­
t i o n of t h e m a c h i n e w a s b e i n g m a d e . T h e t e s t s i n d i c a t e d t h a t 
t h e e n d rings, t h a t i s , t h o s e n e x t t o t h e e x c i t i n g co i l s , w e r e c o n ­
s i d e r a b l y coo ler t h a n t h o s e n e a r t h e c e n t e r of t h e m a c h i n e . 
H o w e v e r , a s t h e r e w e r e e x c e s s i v e losses a n d h e a t i n g i n t h e s tee l 
rings t h e m s e l v e s , i t w a s n o t poss ib le t o m a k e a n y m a t e r i a l i m ­
p r o v e m e n t u n t i l t h e rings w e r e c h a n g e d . 
T h e s tee l rings a t o n e e n d of t h e rotor , a n d t h e b r o n z e rings 
a t t h e o t h e r e n d , w e r e t h e n r e m o v e d a n d a s e c o n d se t of b r o n z e 
rings w a s tr ied . T h e s e rings w e r e spec ia l l y t r e a t e d i n t h e m a n u ­
f a c t u r e so t h a t t h e e las t i c l i m i t w a s v e r y h i g h , a n d t h e y w e r e 
p u t o n m u c h t i g h t e r t h a n i n t h e former case . T h e l o a d t e s t s 
w e r e t h e n c o n t i n u e d a n d t h e e x c e s s l o s ses w e r e a g a i n m e a s u r e d 
a t v a r i o u s l o a d s . I t w a s f o u n d t h a t t h e lo s ses w e r e v e r y s m a l l 
c o m p a r e d w i t h t h o s e of t h e s tee l rings, t h u s v e r i f y i n g t h e former 
resu l t s . T h e t e m p e r a t u r e s of t h e rings w e r e m u c h l o w e r t h a n 
w i t h t h e s tee l , b u t i t w a s f o u n d t h a t t h e h e a t i n g of t h e rings wa,° 
u n e q u a l . I t w a s finally d e t e r m i n e d t h a t t h i s u n e q u a l h e a t i n g w a s 
d u e t o t h e large e x t e r n a l b l o w e r s w h i c h w e r e d r i v i n g t h e air o v e r 
t h e rings i n s u c h a w a y as t o h e a t t h o s e n e x t t o t h e c e n t e r of t h e 
rotor t o a m u c h h igher t e m p e r a t u r e t h a n t h o s e a t t h e o u t e r 
e n d s . I t w a s a s s u m e d a t first t h a t t h e air e n t e r i n g t h e ax ia l 
h o l e s t h r o u g h t h e core a n d b l o w i n g o u t b e t w e e n t h e rings a s 
s h o w n i n F i g . 1, w a s m o r e e f fect ive o n t h e o u t e r rings, a n d t h a t 
t h i s p o s s i b l y c a u s e d t h e dif ference i n t e m p e r a t u r e s . H o w e v e r , 
t h e radia l h o l e s a t t h e o u t e r e n d s w e r e c losed , a n d t h i s m a d e 
b u t l i t t l e dif ference. T h e ax ia l h o l e s w e r e t h e n c lo sed , and 
w h i l e t h e t e m p e r a t u r e s of t h e rings, a s a w h o l e , w e r e i n c r e a s e d , 
a b o u t t h e s a m e difference as before w a s f o u n d b e t w e e n t h e e n d 
rings a n d t h e cen ter o n e s . 
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I t w a s t h e n d e c i d e d t o r e m o v e t h e t w o large b l o w e r s t o d e ­
t e r m i n e w h e t h e r s o m e o t h e r m e t h o d of v e n t i l a t i o n w o u l d b e 
m o r e e f fec t ive . W h e n t h i s c h a n g e w a s m a d e t h e w i n d a g e of 
t h e m a c h i n e w a s g r e a t l y r e d u c e d a n d t h e r e w a s greater u n i ­
f o r m i t y i n t h e t e m p e r a t u r e s a n d t h e a v e r a g e t e m p e r a t u r e of 
t h e r ings w a s o n l y a b o u t 10 deg . h igher t h a n w i t h t h e fans . M o r e ­
o v e r , t h e w i n d a g e loss w a s o n l y a b o u t o n e - s e v e n t h a s grea t a s 
before , a l t h o u g h t h e a v e r a g e t e m p e r a t u r e rise w a s n o t m u c h 
h igher , w h i c h i n d i c a t e d t h a t t h e v e n t i l a t i o n t h r o u g h t h e r o t o r 
h o l e s w a s m u c h m o r e e f f ec t ive t h a n t h a t d u e t o t h e b l o w e r s . 
I n c o n s e q u e n c e , i t w a s d e c i d e d t o increase t h e s ize of t h e ax ia l 
h o l e s t h r o u g h t h e rotor core f r o m 2 f in . t o 3 f in . d i a m e t e r , a n d 
t o " b e l l - m o u t h " t h e m a t the ir o p e n i n g s a t t h e e n d s , i n order 
t o g i v e a freer a d m i s s i o n of air t o t h e ho le s . W h e n t h i s w a s d o n e 
i t w a s f o u n d t h a t t h e t e m p e r a t u r e s of t h e r ings w e r e l o w e r t h a n 
i n a n y of t h e p r e c e d i n g t e s t s , a n d m o r e o v e r , t h e y w e r e fa ir ly 
u n i f o r m . A l s o after t h e r e m o v a l of t h e b l o w e r s , t h e o b j e c t i o n ­
a b l e n o i s e , a l r e a d y referred t o , w a s l a r g e l y e l i m i n a t e d , s o t h a t i t 
w a s n o t d i sagreeab le t o work a r o u n d t h e m a c h i n e . T h e g r a p h i t e 
l u b r i c a t i o n w a s c o n t i n u e d w i t h t h e b r o n z e r ings , o n t h i s t e s t , 
a n d . n o diff iculty w a s e n c o u n t e r e d , a l t h o u g h t h e m a c h i n e w a s 
o p e r a t e d for v e r y cons iderab le per iods a t a p p r o x i m a t e l y 8 0 0 0 
a m p e r e s . 
O n t h e b a s i s of t h e s e t e s t s , t h e m a c h i n e w a s s h i p p e d t o i t s 
d e s t i n a t i o n a n d p u t i n serv ice . T h e n t h e real diff icult ies b e g a n — 
difficulties w h i c h w e r e n o t e n c o u n t e r e d i n t h e s h o p t e s t s , pr inc i ­
p a l l y b e c a u s e t h e c o n d i t i o n s u n d e r w h i c h t h e m a c h i n e o p e r a t e d 
i n s erv i ce w e r e rad ica l l y different f r o m t h o s e a t t h e s h o p , a n d 
a l so , b e c a u s e t h e s h o p t e s t h a d n o t b e e n c o n t i n u e d l o n g e n o u g h . 
T h i s m a c h i n e w a s o p e r a t e d i n serv ice , a l t h o u g h n o t regu lar ly , 
for a p e r i o d of a b o u t t w o m o n t h s , b e i n g s h u t d o w n a t t i m e s d u e 
t o diff icult ies o u t s i d e of t h e g e n e r a t i n g u n i t itself . H o w e v e r , 
t h i s per iod of o p e r a t i o n of t h e g e n e r a t o r w a s s u d d e n l y e n d e d 
b y t h e s t r e t c h i n g of o n e of t h e o u t e r co l l ec tor r ings , w h i c h 
l o o s e n e d i t t o s u c h a n e x t e n t t h a t i t c e a s e d t o r o t a t e w i t h t h e 
inner r ing . T h i s required t h e r e t u r n of t h e ro tor t o t h e m a n u ­
facturer . 
T h i s t w o m o n t h s ' o p e r a t i o n g a v e d a t a of g r e a t p r a c t i c a l 
v a l u e , a n d i n c o n s e q u e n c e , a n u m b e r of m i n o r diff icult ies w e r e 
e l i m i n a t e d i n t h e repaired rotor . 
U p o n t h e r e t u r n of t h e rotor t o t h e s h o p , a n e x a m i n a t i o n of t h e 
co l l ec tor r ings s h o w e d t h a t t h e s e p a r a t e s h r u n k - o n t y p e of r ing 
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w a s n o t p r a c t i c a b l e w i t h a n y d e s i g n of r ing t h e n a t h a n d . T h e r e ­
fore, i t w a s d e c i d e d t o m a k e t h e co l l ec tor r ings i n o n e so l id p i ece 
w i t h a v e r y cons iderab le w e a r i n g d e p t h . T h i s n e c e s s i t a t e d 
t h e r e m o v a l of all t h e b a s e r ings a n d , i n f a c t , i t r equ ired a c o m ­
p l e t e d i s m a n t l i n g of t h e ent i re rotor w i n d i n g . A s t h e o u t e r r ing 
h a d l o o s e n e d , t h e r e w a s a p o s s i b i l i t y of t h e b a s e r ings l o o s e n i n g 
i n t h e s a m e w a y , a n d therefore i t w a s c o n s i d e r e d n e c e s s a r y t o 
a p p l y s o m e s c h e m e for p r e v e n t i n g t h i s l o o s e n i n g i n case of s u d d e n 
h e a t i n g a n d e x p a n s i o n of a n y of t h e co l l ec tor r ings . I t w a s t h e n 
d e c i d e d t o a p p l y s o m e f o r m of spr ing s u p p o r t u n d e r n e a t h t h e s e 
r ings , w h i c h c o u l d fo l low u p a n y e x p a n s i o n i n s u c h a w a y a s t o 
k e e p t h e r ings t i g h t u n d e r a n y t e m p e r a t u r e c o n d i t i o n s l iab le t o 
b e m e t w i t h i n prac t i ce . T h e spr ing s u p p o r t u s e d c o n s i s t e d of 
a n u m b e r of flat s tee l p l a t e s arranged a r o u n d t h e rotor core , a s 
i n d i c a t e d i n F i g . 13 . T h e s e p l a t e s w e r e of s u c h l e n g t h a n d stiff­
n e s s t h a t a v e r y h i g h pressure w a s required t o b e n d t h e m d o w n t o 
a t w h a t t e m p e r a t u r e s u c h a r ing w o u l d l o o s e n . W h i l e t h e b e s t 
a r r a n g e m e n t w i t h o u t spr ings w o u l d l o o s e n a t a b o u t 100 t o 125 
d e g . c e n t . , i t w a s f o u n d t h a t a r ing s u p p o r t e d , i n t h e a b o v e 
m a n n e r , w a s st i l l fa ir ly t i g h t a t 180 d e g . c e n t . , w h i c h w a s far 
a b o v e a n y t e m p e r a t u r e w h i c h t h e m a c h i n e w o u l d a t t a i n u n d e r 
a n y c o n d i t i o n . I t m a y b e s a i d here t h a t , af ter severa l y e a r s ' 
o p e r a t i o n , t h i s c o n s t r u c t i o n st i l l a p p e a r s t o b e first c lass , a n d 
n o l o o s e n i n g of a n y sort h a s occurred . 
I n r e m o v i n g t h e w i n d i n g f r o m t h e ro tor , i t w a s d i s c o v e r e d 
t h a t t h e i n s u l a t i n g t u b e s o v e r t h e rotor c o n d u c t o r s h a d t r a v e l e d 
b a c k a n d for th a l o n g t h e rods a c e r t a i n a m o u n t . T h i s t r a v e l , 
if c o n t i n u e d for a l o n g e n o u g h per iod , w o u l d a p p a r e n t l y h a v e 
i n j u r e d t h e i n s u l a t i o n , a l t h o u g h n o t r o u b l e h a d y e t d e v e l o p e d . 
A p p a r e n t l y , d u r i n g h e a t i n g a n d coo l ing , t h e e x p a n s i o n a n d c o n ­
t r a c t i o n of t h e rods w o u l d carry t h e t u b e s w i t h t h e m l e n g t h w i s e 
a v e r y s m a l l a m o u n t . T h e t u b e s w o u l d t h e n s e a t t h e m s e l v e s i n 
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c o n f o r m w i t h t h e rotor surface . 
T h e s e p l a t e s w e r e arranged 
a r o u n d t h e ro tor core a n d d r a w n 
d o w n w i t h c l a m p r ings u n t i l 
t h e y f i t ted t i g h t l y a g a i n s t t h e 
m i c a . T h e co l l ec tor r ing w a s 
h i g h l y h e a t e d a n d s l i p p e d o v e r 
t h e spr ings , t h e c l a m p s b e i n g 
r e m o v e d a s t h e r ing w a s s l ipped 
o n . T e s t s w e r e m a d e t o f ind 
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t h e s u p p o r t i n g r ings or core a n d w o u l d n o t re turn t o the ir or ig ina l 
pos i t i ons . I t w a s f o u n d t h a t i n t h e s l o t t e d po le face already-
descr ibed , t h e w e b s or l a m i n a t i o n s of m e t a l o v e r h a n g i n g t h e 
rotor s l o t s w o u l d h o l d t h e t u b e w h e n t h e r o d w a s t r a v e l i n g i n 
o n e d irec t ion , b u t w o u l d s o m e t i m e s a l l o w t h e t u b e t o m o v e 
s l i g h t l y w h e n t h e r o d t r a v e l e d i n t h e o t h e r d i r e c t i o n , so t h a t 
there w a s a sort of e x t r e m e l y s l o w r a t c h e t a c t i o n t a k i n g p l a c e . 
I t w a s e v i d e n t l y n e c e s s a r y t o h a v e t h e t u b e s fit ra ther t i g h t l y 
i n t h e r e t a i n i n g or s u p p o r t i n g h o l e s i n t h e r ings a n d t h e core , a n d 
t o h a v e t h e r o d s fit ra ther l o o s e l y i n t h e t u b e s . A l s o , i t a p ­
p e a r e d t h a t she l lac or o t h e r " g u m m y " m a t e r i a l o n t h e i n n e r 
surface of t h e i n s u l a t i n g t u b e s , w a s h a r m f u l , for w h e r e v e r she l lac 
w a s p r e s e n t t h e i n s u l a t i n g t u b e a l w a y s s t u c k t o t h e r o d a n d 
w o u l d t ear a t e i ther s ide of s u c h p lace . I n c o n s e q u e n c e , t h e 
n e w se t of t u b e s w a s m a d e w i t h a d r y , h a r d finish o n b o t h t h e 
o u t s i d e a n d t h e in s ide , a n d t h e ins ide surface w a s a l so paraf­
fined. T h i s , w h e n carried o u t proper ly , s e r v e d t o r e m e d y t h i s 
t rouble . 
T h e r e c o n s t r u c t e d rotor , w i t h t h e so l id co l l ec tor r ings , w a s 
s h i p p e d t o t h e c u s t o m e r a n d t h e serv ice w a s c o n t i n u e d . A f t er 
o p e r a t i o n for a cons iderab le t i m e , c er ta in e x t r e m e l y ser ious dif­
ficulties a p p e a r e d . O n e of t h e s e w a s b r u s h t r o u b l e , a n d a n o t h e r 
w a s u n d u e w e a r of t h e r ings . 
T h e b r u s h t r o u b l e w a s a m o s t d i s c o u r a g i n g o n e . T h e m a c h i n e 
w a s l o c a t e d i n a n e n g i n e r o o m a d j a c e n t t o a r o c k - c r u s h i n g b u i l d ­
ing . F i n e d u s t w a s a l w a y s f loat ing a r o u n d t h e m a c h i n e a n d , 
t h i s d u s t c o n t i n u o u s l y p a s s i n g t h r o u g h t h e m a c h i n e t e n d e d t o 
f o r m a d e p o s i t i m m e d i a t e l y b e h i n d t h e b r u s h e s a s s h o w n i n F i g . 
14. T h i s d u s t p a c k e d i n r a t h e r so l id ly b e h i n d t h e b r u s h , d u e t o 
t h e h i g h s p e e d of t h e r ings , a n d e v e n t u a l l y i t t e n d e d t o l i ft t h e 
b r u s h e s a w a y f r o m t h e r ings . I t a l so s h o w e d a t e n d e n c y t o g e t 
u n d e r t h e b r u s h c o n t a c t , w i t h c o n s e q u e n t i n c r e a s e d r e s i s t a n c e 
of c o n t a c t . F r e q u e n t r e m o v a l a n d c l ean ing of t h e b r u s h e s w a s 
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i m p r a c t i c a b l e , a s t h e y w e r e n o t suff ic ient ly acces s ib l e t o d o 
t h i s read i ly . T h i s rock d u s t , p a c k e d b e h i n d t h e b r u s h e s , 
a l so h a d a scour ing or gr inding a c t i o n o n t h e rings t h e m s e l v e s . 
A c c o m p a n y i n g th i s w a s a n u n d u e ra te of w e a r of t h e r ings . T h i s , 
h o w e v e r , w a s n o t en t i re ly m e c h a n i c a l w e a r , a s i t a p p e a r e d a l so 
t o b e d e p e n d e n t u p o n t h e current carried a n d w a s , t o s o m e e x ­
t e n t , d u e t o a b u r n i n g a c t i o n u n d e r t h e b r u s h w h i c h t e n d e d t o 
e a t a w a y t h e surface of t h e rings. H o w e v e r , w h i l e t h ι u n d u e 
w e a r w a s n o t a l t o g e t h e r d u e t o d u s t b a c k of t h e b r u s h e s , y e t 
t h i s a c c u m u l a t i o n of d u s t a p p e a r e d t o h a v e a v e r y h a r m f u l 
a c t i o n o n t h e m a c h i n e . V a r i o u s m e t h o d s w e r e c o n s i d e r e d for 
o v e r c o m i n g t h i s co l l e c t i on of d u s t , o n e of w h i c h c o n s i s t e d of 
e n c l o s e d air in l e t s t o t h e m a c h i n e , f i t ted w i t h screens for s i f t ing 
o u t t h e d u s t . T h i s l e s sened t h e t r o u b l e t o s o m e e x t e n t , b u t 
i t w a s e v i d e n t t h a t i t w o u l d n o t cure i t en t i re l y , a s t h e ent ire 
m a c h i n e w a s so l o c a t e d t h a t d u s t c o u l d c o m e i n a r o u n d t h e brush 
ho lders w i t h o u t g o i n g t h r o u g h t h e v e n t i l a t i n g c h a n n e l s . 
T h e m e t h o d f inal ly a d o p t e d for o v e r c o m i n g t h e diff iculty of 
a c c u m u l a t i o n of dirt w a s rather s tar t l ing . I t w a s c a s u a l l y sug ­
g e s t e d t h a t t h e copper leaf b r u s h e s b e t u r n e d a r o u n d so t h a t 
the rings would run against the brushes, so t h a t t h e dirt or dus t 
o v e r t h e r ings w o u l d b e " s k i m m e d off " b y t h e forward e d g e of 
t h e brushes . T h i s o b v i o u s l y w o u l d p r e v e n t t h e co l l ec t ion of 
d ir t , b u t t h e q u e s t i o n of r u n n i n g t h i n leaf c o p p e r b r u s h e s o n 
a co l l ec tor r ing o p e r a t e d a t a s p e e d of a b o u t 2 2 0 f ee t per s e c o n d 
(or 1 3 , 2 0 0 fee t per m i n u t e ) l o o k e d l ike a n a b s u r d i t y t o a n y o n e 
w i t h exper i ence i n e lectr ica l m a c h i n e r y , so t h a t w e all h e s i t a t e d 
a t first t o cons ider t h e pos s ib i l i t y of i t . H o w e v e r , a s s o m e t h i n g 
h a d t o b e d o n e , t h e wri ter s u g g e s t e d t o t h e eng i neer i n c h a r g e , 
t h a t h e c h a n g e t h e b r u s h e s o n o n e of t h e r ings so t h a t t h e y w o u l d 
b e inc l ined a g a i n s t t h e d i rec t ion of r o t a t i o n . T h i s g a v e n o 
t r o u b l e a n d the o t h e r b r u s h e s w e r e t h e n c h a n g e d t o t h e s a m e 
d i r e c t i o n a n d t h e o p e r a t i o n e v e r s ince h a s b e e n carr ied o n w i t h 
t h i s a r r a n g e m e n t . T o t h e wr i ter t h i s h a s a l w a y s s e e m e d a n 
a l m o s t u n b e l i e v a b l e c o n d i t i o n of o p e r a t i o n , b u t a s there h a s 
n o t b e e n a s ing le case of t r o u b l e f r o m this a r r a n g e m e n t dur ing 
severa l y e a r s of o p e r a t i o n , o n e i s forced t o b e l i e v e t h a t i t i s all 
right. T h i s c h a n g e e n t i r e l y o v e r c a m e t h e t r o u b l e f r o m a c c u m u ­
l a t i o n of dirt . H o w e v e r , i t d i d n o t e n t i r e l y cure t h e b u r n i n g of 
t h e b r u s h e s a n d rings a b o v e descr ibed , b u t rendered t h e m a t t e r 
of l u b r i c a t i o n s o m e w h a t eas ier t h a n a t first. 
A s t o t h e o t h e r ser ious trouble , i t w a s m e n t i o n e d t h a t there 
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w a s a b u r n i n g a c t i o n u n d e r t h e b r u s h e s w h i c h t e n d e d t o " e a t " 
or " w e a r " a w a y t h e surface of t h e r ings . T h i s a l so t e n d e d t o 
b u r n a w a y t h e b r u s h surfaces , t h e a m o u n t of b u r n i n g i n e i t h e r 
case d e p e n d i n g , t o a cons iderab le e x t e n t , u p o n t h e d i r e c t i o n 
of t h e current . A t o n e s ide of t h e m a c h i n e t h e b r u s h e s 
w o u l d w e a r m o r e rap id ly , w h i l e a t t h e o t h e r s ide t h e r ings 
w o u l d w e a r fas ter . T h e p o l a r i t y of t h e current w a s in f luent ia l 
i n t h i s a c t i o n . Par t i c l e s of t h e m e t a l a p p e a r e d t o t r a v e l i n 
t h e d i rec t ion of t h e current ; t h a t i s , w h e r e t h e current w a s f r o m 
t h e r ing t o t h e b r u s h e s , t h e r ing w o u l d w e a r m o r e r a p i d l y , 
wh i l e t h e b r u s h w o u l d s h o w b u t l i t t l e w e a r , w h i l e a t t h e o t h e r 
e n d of t h e m a c h i n e , t h e o p p o s i t e effect w o u l d b e f o u n d . H o w ­
ever , t h e part i c l e s of m e t a l t a k e n f r o m t h e r ing d id n o t d e p o s i t , 
or " b u i l d u p , " o n t h e b r u s h e s . 
D u r i n g all t h i s o p e r a t i o n , g r a p h i t e h a d b e e n u s e d for lubri ­
c a t i o n . I n t h e earl ier s t a g e s , p o w d e r e d g r a p h i t e c o m p r e s s e d 
i n t o b l o c k s , h a d b e e n u s e d . L a t e r i t w a s f o u n d t h a t v e r y so f t 
g r a p h i t e b r u s h e s i n i n s u l a t e d ho lders w o u l d g i v e a m p l e lubr i ­
c a t i o n for t h e r ings . H o w e v e r , e v e n w i t h t h i s l u b r i c a t i o n a n d 
t h e r e m o v a l of t h e d irt t r o u b l e , t h e r e w a s st i l l a n a p p r e c i a b l e 
b u r n i n g of t h e b r u s h e s a n d r ings as i n d i c a t e d b y t h e m o r e rap id 
w e a r of t h e r ings a t o n e e n d of t h e rotor , a n d of t h e b r u s h e s a t 
t h e o t h e r e n d . E x t e n d e d t e s t s s h o w e d t h a t t h i s b u r n i n g w a s 
a f u n c t i o n of t h e c o n t a c t d r o p b e t w e e n t h e b r u s h e s a n d t h e rings. 
N e i t h e r t h e rings n o r t h e b r u s h e s w o u l d b u r n a p p r e c i a b l y if 
t h e c o n t a c t drop b e t w e e n t h e b r u s h e s a n d t h e ring c o u l d b e k e p t 
v e r y l o w . W h e n t h i s d r o p b e c a m e r e l a t i v e l y h i g h ( a b o u t o n e 
v o l t ) , t h e rings or b r u s h e s w o u l d s h o w a n u n d u e ra te of w e a r . I t 
w a s f o u n d a l so t h a t , af ter a cons iderab le per iod of o p e r a t i o n , 
i t w a s v e r y difficult t o o b t a i n a l o w b r u s h c o n t a c t d r o p , a s t h e 
b r u s h w e a r i n g surface b e c a m e c o a t e d w i t h a sort of " s m u d g e , " 
w h i c h s e e m e d t o h a v e res i s t ing qua l i t i e s . A n a n a l y s i s of t h i s 
c o a t i n g s h o w e d a v e r y cons iderab le a m o u n t of z i n c i n i t , a n d 
i t w a s d e t e r m i n e d t h a t t h e z i n c i n t h e co l l ec tor rings w a s b u r n i n g 
o u t a n d f o r m i n g a n i n s u l a t i n g c o a t i n g o n t h e b r u s h c o n t a c t s . 
T h e r e m e d y for t h i s c o n d i t i o n w a s t h e a p p l i c a t i o n of s o m e c l e a n ­
i n g a g e n t w h i c h w o u l d c h e m i c a l l y a c t o n t h e s m u d g e a n d d i s ­
s o l v e i t or d e s t r o y i t s i n s u l a t i n g qua l i t i e s . T h e r ight m a t e r i a l for 
t h i s p u r p o s e w a s f o u n d t o b e a w e a k s o l u t i o n of m u r i a t i c a c i d — 
a b o u t 4 per c e n t i n w a t e r . W h e n t h i s w a s a p p l i e d t o t h e rings b y 
m e a n s of a " w i p e r , " a t i n t e r v a l s , t h e b r u s h c o n t a c t d r o p c o u l d b e 
r e d u c e d t o a v e r y l o w f igure— f r e q u e n t l y t o 0 .1 or 0 .2 of a v o l t , 
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a n d t h e rings w o u l d t a k e o n a v e r y b r i g h t po l i sh . A l s o , w h i l e 
t h i s l o w c o n t a c t drop w a s m a i n t a i n e d i t w a s f o u n d t h a t t h e rings 
s h o w e d a n a l m o s t inapprec iab le ra te of w e a r . H o w e v e r , o n e 
s e t of rings c o n t i n u e d t o w e a r s o m e w h a t fas ter t h a n t h e o t h e r . 
T h i s dif f iculty of u n e q u a l w e a r of the t w o s e t s of rings w a s o v e r -
c o m e b y arrang ing a s w i t c h so t h a t t h e p o l a r i t y of t h e t w o e n d s 
of t h e m a c h i n e c o u l d b e c h a n g e d o c c a s i o n a l l y . 
T h e t e m p e r a t u r e of t h e m a c h i n e w a s r e d u c e d b y t h e a b o v e 
t r e a t m e n t of t h e rings. O b v i o u s l y , par t of t h e h e a t w a s d u e t o 
t h e l o s s a t t h e b r u s h c o n t a c t s , w h i c h , of course , w a s r e d u c e d 
d i r e c t l y a s t h e c o n t a c t drop w a s r e d u c e d . 
T h e m a c h i n e w a s n o w r u n n i n g q u i t e d e c e n t l y w i t h c o m p a r a -
t i v e l y h e a v y l o a d s , f r o m 7 0 0 0 t o 1 0 , 0 0 0 a m p e r e s , a n d t h e o n l y 
t roub le w a s i n severa l xninor diff icult ies w h i c h w e r e t h e n t a k e n 
u p , o n e a t a t i m e , i n order t o a s c e r t a i n a s u i t a b l e r e m e d y . 
T h e s e diff icult ies , h o w e v e r , w e r e n o t interfer ing w i t h t h e regular 
o p e r a t i o n of t h e m a c h i n e . 
O n e of t h e diff icult ies w h i c h f inal ly d e v e l o p e d w a s d u e t o 
s t r a y m a g n e t i c f luxes t h r o u g h t h e bear ings . T h e s e f luxes , p a s s -
ing o u t t h r o u g h t h e shaf t t o t h e shel l of t h e b e a r i n g , c o n s t i -
t u t e d , i n t h e m s e l v e s , t h e e l e m e n t s of a s m a l l u n i p o l a r m a c h i n e , 
of w h i c h t h e b e a r i n g m e t a l s e r v e d a s c o l l e c t i n g b r u s h e s . T h e 
e.m.f. g e n e r a t e d i n t h e shaf t w a s a m a x i m u m across t h e t w o e n d s 
of t h e bear ing . C o n s e q u e n t l y t h e current c o l l e c t e d f r o m t h e 
shaf t b y t h e b e a r i n g m e t a l s h o u l d h a v e b e e n g r e a t e s t n e a r t h e 
e n d s of t h e bear ing , a n d l eas t a t t h e center . T h i s w a s t h e c a s e 
a s i n d i c a t e d b y t h e a p p e a r a n c e of t h e b e a r i n g itself , w h i c h 
s h o w e d e v i d e n c e of p i t t i n g n e a r t h e e n d s b u t n o n e a t t h e c e n t e r . 
T o r e m e d y t h i s t r o u b l e , a s m a l l d e m a g n e t i z i n g coi l w a s p l a c e d 
o u t s i d e t h e s t a t o r f r a m e , a t e a c h e n d of t h e rotor , b e t w e e n t h e 
rotor core a n d t h e bear ings . T h e s e co i l s w e r e e x c i t e d b y d i rec t 
current w h i c h w a s a d j u s t e d i n v a l u e u n t i l p r a c t i c a l l y zero e.m.f. 
w a s i n d i c a t e d o n t h e shaf t a t t h e t w o e n d s of e a c h b e a r i n g . T h i s 
i n d i c a t e d t h a t t h e un ipo lar a c t i o n w a s p r a c t i c a l l y e l i m i n a t e d . 
T h i s a r r a n g e m e n t h a s b e e n i n use e v e r s ince i t w a s i n s t a l l e d , a n d 
n o m o r e t r o u b l e of a n y sort h a s b e e n e n c o u n t e r e d f r o m loca l 
current s i n t h e b e a r i n g s or e l s ewhere . 
S o m e of t h e b r u s h e s d id n o t s h o w as g o o d w e a r i n g q u a l i t i e s 
a s des ired a n d v a r i o u s e x p e r i m e n t s w e r e m a d e w i t h dif ferent 
c o m b i n a t i o n s of m a t e r i a l s a n d v a r i o u s t h i c k n e s s e s a n d a rra ng e -
m e n t of t h e b r u s h l a m i n œ . B r a s s leaf b r u s h e s w e r e t r i ed ; a l s o , 
m i x t u r e s of c o p p e r , brass , a l u m i n u m a n d v a r i o u s o t h e r leaf m e t a l s 
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in c o m b i n a t i o n . N o n e of t h e s e s h o w e d a n y b e t t e r t h a n t h e t h i n 
c o p p e r leaf brush . T h e t e s t s finally s h o w e d t h a t s u c h a b r u s h , 
v e r y soft a n d flexible, w i t h a s u i t a b l e spr ing t e n s i o n , w o u l d 
g i v e v e r y s a t i s f a c t o r y resu l t s . A l s o i n s t e a d , of t w o b r u s h e s 
s ide b y s ide , a s ingle b r u s h , c o v e r i n g t h e full w i d t h of a r ing , w a s 
f o u n d t o b e m o r e sa t i s fac tory . S o m e t e s t s w e r e a l so m a d e w i t h 
c a r b o n b r u s h e s , c o n s i s t i n g of a c o m b i n a t i o n of c a r b o n or g r a p h i t e 
c o m b i n e d w i t h s o m e m e t a l , s u c h as copper , i n a finely d i v i d e d 
s t a t e . T h e s e b r u s h e s w e r e c l a i m e d t o h a v e a v e r y h i g h c a r r y i n g 
c a p a c i t y a n d a l so t o h a v e a cer ta in a m o u n t of se l f - lubr icat ion . 
A s e t of t h e s e b r u s h e s w a s tr ied o n o n e of t h e r ings , b u t l a s t e d 
o n l y for a v e r y short t i m e . T h e a p p a r e n t w e a r w a s rap id , b u t 
i t i s n o t k n o w n w h e t h e r t h i s w a s d u e t o t h e v e r y h i g h s p e e d of t h e 
co l l ec tor r ings , or rap id b u r n i n g a w a y of t h e b r u s h or t h e i n a b i l i t y 
of t h i s t y p e of b r u s h t o ' q u i c k l y fo l low a n y i n e q u a l i t i e s of t h e 
co l l ec tor r ings . T h i s t e s t w a s a b a n d o n e d in a c o m p a r a t i v e l y 
shor t t i m e . 
Af ter g e t t i n g r id of t h e old t r o u b l e s , a n e w a n d u n e x p e c t e d o n e 
h a d t o appear . F o r s o m e u n k n o w n reason , t h e i n s u l a t i n g t u b e s 
o n t h e rotor c o n d u c t o r s b e g a n t o break d o w n ; a l so g r o u n d s o c ­
curred b e t w e e n t h e co l l ec tor r ings a n d t h e core . 
O n a c c o u n t of t h e d e l a y required i n m a k i n g a n y c h a n g e s i n 
t h e rings or ro tor w i n d i n g , t h e c u s t o m e r arranged w i t h t h e 
m a n u f a c t u r e r t o h a v e a n e w rotor b u i l t a s a reserve , a s i t w a s 
o b v i o u s t h a t sooner or la ter t h e r e w o u l d h a v e t o b e c o n s i d e r a b l e 
r e c o n s t r u c t i o n of t h e i n s u l a t i o n on t h e first ro tor d u e t o u n e x ­
p l a i n e d short c ircu i t s a n d g r o u n d s . A n e w rotor w a s a t o n c e 
c o n s t r u c t e d , e m b o d y i n g all t h e g o o d f ea tures of t h e first ro tor , 
w i t h s o m e s u p p o s e d l y m i n o r i m p r o v e m e n t s . T h e o l d ro tor w a s 
t h e n r e m o v e d for i n v e s t i g a t i o n a n d repairs . T h e c a u s e of t h e 
b r e a k d o w n s of t h e i n s u l a t i o n o n t h e t u b e s w a s t h e n d i s c o v e r e d . 
T h e air e n t e r i n g t h r o u g h t h e ax ia l ro tor h o l e s a n d p a s s i n g o u t 
t h r o u g h t h e radial h o l e s b e t w e e n t h e r ings , carried fine p a r t i c l e s 
of c e m e n t or crushed s t o n e d u s t a n d t h i s h a d " s a n d - b l a s t e d " 
t h e u n d e r s ide of t h e t u b e s . W h e n t h e rotor h a d b e e n o p e r a t e d 
dur ing t h e p r e l i m i n a r y t w o m o n t h s ' per iod , p r e v i o u s l y d e s c r i b e d , 
before t h e r e p l a c e m e n t of t h e rings, n o e v i d e n c e of th i s s a n d ­
b l a s t i n g h a d b e e n v i s ib le . I n v e s t i g a t i o n s h o w e d t h a t t h e i n ­
s u l a t i n g t u b e s i n t h e former w i n d i n g h a d b e e n m a d e w i t h a ful ler-
b o a r d b a s e , w h i c h is ra ther soft a n d fibrous i n i t s c o n s t r u c t i o n . 
T h e t u b e s o n t h e s e c o n d w i n d i n g h a d b e e n m a d e w i t h " fish " 
p a p e r i n s t e a d of fu l l erboard , i n order t o g i v e a h a r d finish o n t h e 
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ins ide a n d o u t s i d e . I t w a s d u e t o t h i s h a r d m a t e r i a l t h a t t h e 
t r o u b l e s f r o m s a n d b l a s t i n g occurred. H o w e v e r , fish paper 
t u b e s w e r e super ior t o t h e f u l lerboard i n s t r e n g t h a n d o t h e r 
qua l i t i e s , a n d as t h e y w e r e inferior o n l y , in t h i s o n e charac ter ­
i s t i c , t h e y w e r e u s e d a g a i n i n r e w i n d i n g t h e ro tor , b u t w h e r e -
e v e r t h e t u b e s w e r e e x p o s e d i n p a s s i n g f r o m o n e ring t o t h e n e x t , 
t h e y w e r e t a p e d o v e r w i t h severa l l a y e r s of sof t t a p e w h c h w a s 
a l so s e w e d . T h i s g a v e a soft finish w h i c h w o u l d res is t s a n d ­
b l a s t i n g , a n d n o t roub le f r o m t h i s source h a s occurred for severa l 
years . 
F r o m t h e b r e a k d o w n s t o g r o u n d , i t w a s e v i d e n t t h a t a n ent i re 
r e p l a c e m e n t of t h e rings w a s n e c e s s a r y i n order t o repair t h e 
m i c a b u s h or s l e e v e l y i n g b e n e a t h t h e rings. T h i s required 
t h e r e m o v a l of t h e ent ire rotor w i n d i n g a n d rings. I t w a s f o u n d 
t h a t c e m e n t d u s t c o m i n g u p t h r o u g h t h e radial holes h a d s i f ted 
i n t h r o u g h v a r i o u s crev i ce s or o p e n i n g s 
a r o u n d t h e h o l e s a n d t h a t , finally, c o n ­
d u c t i n g surfaces a n d p a t h s were f o r m e d 
w h i c h a l l o w e d t h e current t o l e a k t o 
g r o u n d sufficient t o e v e n t u a l l y b u r n t h e 
i n s u l a t i o n . There fore , w h e n rep lac ing 
t h e m i c a s l e e v e o v e r t h e ro tor , e x t r a care 
w a s t a k e n t o fit i n s u l a t i n g b u s h i n g s a t 
t h e t o p of t h e radia l h o l e s i n s u c h a 
w a y as t o seal or c lo se all j o i n t s , t h u s 
a l l o w i n g n o l e a k a g e p a t h s b e t w e e n 
co l l ec tor rings a n d t h e b o d y of t h e core . T h i s i s s h o w n i n F i g . 15 . 
N o fur ther t r o u b l e h a s occurred a t t h i s p o i n t . 
I n r e m o v i n g t h e co l l ec tor rings for t h e s e repairs , i t w a s f o u n d 
t h a t t h e flat spr ing s u p p o r t s s h o w n i n F i g . 13 h a d b e e n e n t i r e l y 
e f fec t ive a n d t h e r e w a s n o e v i d e n c e w h a t e v e r of a n y d i s t u r b a n c e 
of t h e rings o n t h e core , a n d t h e r e w a s n o i n j u r y t o t h e m i c a , 
s u c h a s w o u l d b e s h o w n b y a n y s l i gh t m o v e m e n t . T h e rings 
w e r e a l so v e r y t i g h t s o t h a t i t t o o k a v e r y c o n s i d e r a b l e t e m p e r ­
a t u r e t o l o o s e n t h e m suff ic ient ly for r e m o v a l . 
I n v i e w of t h e d e l a y a n d e x p e n s e of repa ir ing o n e of t h e s e 
Motors w h e n t h e co l l ec tor rings h a d t o b e r e m o v e d , w i t h t h e p o s ­
s i b i l i t y of d a m a g i n g t h e i n s u l a t i n g t u b e s o v e r t h e c o n d u c t o r s , 
a n d t h e i n s u l a t i n g b u s h o v e r t h e core , i t w a s t h e n d e c i d e d t h a t 
a m o v a b l e w e a r i n g ring w a s p r a c t i c a l l y n e c e s s a r y i n order t o 
m a k e t h i s m a c h i n e a p e r m a n e n t s u c c e s s . There fore , t h e 
p r o b l e m of a s e p a r a t e o u t s i d e w e a r i n g ring, a s or ig ina l ly c o n -
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t e m p l a t e d , w a s a g a i n t a k e n u p . T h e diff iculty, a l r e a d y d e ­
scr ibed, of t h e z inc b u r n i n g f r o m t h e r ings a n d f o r m i n g a c o a t i n g 
o n t h e b r u s h e s , i n d i c a t e d t h a t s o m e o t h e r m a t e r i a l , w i t h o u t 
s u c h a large p e r c e n t a g e of z inc , s h o u l d g i v e b e t t e r resu l t s . T h e 
diff iculty w a s t o o b t a i n s u c h a m a t e r i a l , w i t h s u i t a b l e c h a r a c ­
ter is t ics o t h e r w i s e . A l l d a t a a t h a n d s h o w e d t h a t rings, w i t h 
des irable charac ter i s t i c s e l ec tr ica l ly , d i d n o t h a v e t h e proper 
e las t i c l i m i t s , or proper e x p a n s i o n proper t i e s w h e n h e a t e d . I n 
o t h e r w o r d s , w h e n s u c h rings w e r e shrunk o n t h e b a s e or s u p ­
por t ing ring t h e y w o u l d s t r e t c h t o s u c h a n e x t e n t , w h e n c o o l e d , 
t h a t t h e y w o u l d b e c o m e l o o s e a g a i n w i t h v e r y m o d e r a t e i n ­
crease i n t e m p e r a t u r e . T h e s o l u t i o n of t h i s p r o b l e m of a s e p a r a t e 
ring c o n s t r u c t i o n w a s f o u n d i n t h e u s e of s o m e spr ing arrange­
m e n t u n d e r n e a t h t h e o u t e r ring w h i c h w o u l d st i l l k e e p i t t i g h t 
o n t h e i n n e r ring e v e n w h e n h o t . T h e spr ing a r r a n g e m e n t 
FIG. 1 6 
used u n d e r t h e inner rings, as s h o w n i n F ig . 13 w a s t h e n a p p l i e d 
w i t h cer ta in m o d i f i c a t i o n s . I n order t o g e t g o o d c o n t a c t b e ­
t w e e n t h e i n n e r a n d o u t e r rings for carry ing t h e current , e a c h 
of t h e s e s tee l spr ings or p l a t e s w a s c o v e r e d b y a t h i n s h e e t of 
c o p p e r a s s h o w n i n F i g . 16. W h i l e e a c h c o p p e r she^t w a s of 
c o m p a r a t i v e l y s m a l l s e c t i o n , t h e large n u m b e r of spr ings u s e d 
g a v e sufficient t o t a l c o p p e r t o carry t h e current f r o m t h e o u t e r 
t o t h e inner or b a s e ring w i t h o u t a n y d a n g e r of current p a s s i n g 
t h r o u g h t h e spr ing p l a t e s t h e m s e l v e s . T h i s a r r a n g e m e n t w a s 
u s e d i n r e c o n s t r u c t i n g t h i s ro tor a n d h a s p r o v e n e n t i r e l y 
successful . 
I n order t o d e t e r m i n e t h e effects of v a r i o u s m a t e r i a l s w i t h o u t 
z inc , or w i t h b u t a s m a l l q u a n t i t y of i t , a n u m b e r of rings w e r e 
fitted u p o n a t e s t rig a n d w e r e o p e r a t e d for l o n g per iods w i t h 
currents , u p t o 1 2 , 0 0 0 a m p e r e s i n s o m e cases . I n t h e s e t e s t s , 
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four different k i n d s of m a t e r i a l w e r e u s e d , all of t h e m r e p r e s e n t i n g 
different, m i x t u r e s of c o p p e r w i t h a s m a l l p e r c e n t a g e of o t h e r 
m a t e r i a l s b u t w i t h l i t t l e z inc i n a n y of t h e m . I t w a s f eared 
t h a t c o p p e r b r u s h e s o n t h e c o p p e r rings w o u l d n o t w o r k sa t i s fac ­
tor i ly , b u t w h i l e t h e r e w a s a p p a r e n t l y s o m e difference b e t w e e n 
t h e a c t i o n of t h e different rings, i t w a s f o u n d t h a t c o p p e r b r u s h e s 
r u n n i n g o n c o p p e r w e r e , i n genera l , s a t i s f a c t o r y . T h e b r u s h e s 
w e r e i n - c l i n e d a g a i n s t t h e rings, a s i n t h e a c t u a l m a c h i n e , 
dur ing t h i s ser ies of t e s t s . 
T h e s e t e s t s w e r e carried t h r o u g h w i t h v a r i o u s n u m b e r s of 
b r u s h e s , e t c . I t w a s f o u n d t h a t t h e n u m b e r of b r u s h e s c o u l d 
b e r e d u c e d t o a b o u t o n e - t h i r d t h e ful l n u m b e r , a n d st i l l co l l ec t 
t h e t o t a l r a t e d current , b u t t h a t a n y grea t r e d u c t i o n f r o m t h e full 
n u m b e r of b r u s h e s m a d e t h e o p e r a t i o n of t h e rings a n d b r u s h e s 
m o r e s e n s i t i v e , a n d m o r e a t t e n t i o n w a s required t o k e e p t h e m 
i n perfec t c o n d i t i o n . I t w a s a l so f o u n d t h a t a n y h a r d n e s s or 
u n d u e " spr ing iness " i n t h e b r u s h e s , or b r u s h m a t e r i a l , w o u l d 
t e n d t o g i v e i n c r e a s e d w e a r . B r u s h e s of v e r y t h i n leaf c o p p e r , 
e v e n t u a l l y g a v e b e s t resu l t s . I t w a s a l so s h o w n b y t h e s e t e s t s 
t h a t if a v e r y g o o d p o l i s h c o u l d b e m a i n t a i n e d o n t h e rings, 
t h e r a t e of w e a r f r o m d a y t o d a y w a s p r a c t i c a l l y u n m e a s u r a b l e 
o n a c c o u n t of i t s s m a l l n e s s . 
A s a resu l t of t h e s e ring t e s t s , t h e ro tor u n d e r g o i n g repair 
w a s e q u i p p e d w i t h o u t s i d e c o p p e r w e a r i n g rings, spr ing s u p ­
p o r t e d . T h e m a t e r i a l i n t h e rings w a s a b o u t 9 2 per c e n t p u r e 
copper , 2 per c e n t z inc a n d 6 per c e n t t i n . 
T h e ro tor w a s t h e n i n s t a l l e d i n serv ice a n d h a s b e e n o p e r a t i n g 
s t e a d i l y for s evera l y e a r s , w i t h ent i re s u c c e s s . T h e o t h e r ro tor , 
w h i c h h a d b e e n o p e r a t i n g w h i l e t h i s ro tor w a s b e i n g repa ired , 
w a s t h e n t h o r o u g h l y e x a m i n e d af ter r e m o v a l , t o d e t e r m i n e a n y 
poss ib l e de fec t s . I t w a s n o t e d t h a t t h e i n s u l a t i n g t u b e s o v e r 
t h e rotor c o n d u c t o r s w e r e b a d l y c r a c k e d or b u c k l e d i n a n u m b e r 
of p l a c e s . U p o n r e m o v a l of t h e r o d s or c o n d u c t o r s i t w a s f o u n d 
t h a t t h e i n s u l a t i n g t u b e s w e r e s t u c k so t i g h t l y t o t h e c o p p e r 
rods t h a t t h e y w o u l d b e t o r n i n p i eces i n t r y i n g t o r e m o v e t h e m . 
A s i t h a d b e e n i n t e n d e d t h a t t h e s e t u b e s s h o u l d m o v e free ly 
o n t h e r o d s or c o n d u c t o r s , a s p r e v i o u s l y descr ibed , i t w a s e v i d e n t 
t h a t t h e r e w a s s o m e t h i n g r a d i c a l l y w r o n g . T h e t r u e c a u s e 
of t h e t r o u b l e w a s t h e n d i s c o v e r e d . I n first f i t t ing t h i s s e t of 
t u b e s o v e r t h e r o d s , t h e y h a d b e e n t o o t i g h t , a n d , i n 
order t o m a k e t h e m fit e a s i l y , t h e m e n w h o a s s e m b l e d 
t h e m a c h i n e h a d r e a m e d t h e m o n t h e i n s i d e t o e n l a r g e 
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t h e m , a n d , i n d o i n g s o , h a d c u t a w a y t h e i n n e r h a r d s h e e t of 
fish p a p e r w h i c h h a d f o r m e d t h e l in ing , t h u s e x p o s i n g a s h e l l a c e d 
surface . A s s o o n as h e a t e d , t h i s she l lac s t u c k t h e t u b e t o t h e 
rod so t h a t t h e r e c o u l d b e n o poss ib le m o v e m e n t b e t w e e n t h e 
t w o . I n c o n s e q u e n c e , w h e n t h e rods e x p a n d e d or c o n t r a c t e d , 
t h e t u b e s m o v e d b a c k w a r d a n d forward i n t h e s u p p o r t i n g h o l e s , 
a n d w h e r e v e r t h e y s t u c k fas t i n t h e o u t e r h o l e s , s o m e t h i n g h a d 
t o g i v e , so t h a t e v e n t u a l l y t h e t u b e s b u c k l e d or c r a c k e d or p u l l e d 
o p e n . T h i s w a s r e a d i l y r e m e d i e d b y p u t t i n g o n n e w t u b e s p r o p ­
er ly c o n s t r u c t e d . A s t h e r ings o n t h i s ro tor w e r e i n v e r y g o o d 
c o n d i t i o n w i t h b u t l i t t l e w o r n a w a y , t h e r e m o v a b l e t y p e of 
r ing w a s n o t a d d e d , a s t h i s w o u l d require t u r n i n g off a large 
a m o u n t of e f fec t ive m a t e r i a l o n t h e e x i s t i n g r i n g s a n d r e p l a c i n g 
i t w i t h n e w o u t e r r ings . I t w a s d e c i d e d t h a t as t h e r e w a s s evera l 
y e a r s ' w e a r in t h e o l d r ings , i t w o u l d b e of n o m a t e r i a l a d v a n t a g e 
t o t h r o w t h i s a w a y w h e n i t c o u l d b e w o r n a w a y i n s e r v i c e , 
j u s t a s we l l a s i t c o u l d b e t u r n e d off i n a l a t h e . A f t e r t h e r ings 
i n th i s m a c h i n e are w o r n d o w n t h e permis s ib l e d e p t h , t h e y wi l l 
be refil led b y t h e a d d i t i o n of t h e r e m o v a b l e t y p e . 
T h i s u n i p o l a r g e n e r a t o r h a s n o w b e e n i n serv ice for q u i t e 
a l o n g p e r i o d , w i t h n o diff iculty w h a t e v e r , a n d w i t h a n a v e r a g e 
r ing w e a r of l e ss t h a n 0 .001 in . per d a y , or l ess t h a n f in . per 
year . T h i s m a y s e e m l ike a n u n d u e ra te of w e a r ; b u t i n r e a l i t y 
i t i s a n e x t r e m e l y l o w r a t e , if t h e h i g h per iphera l s p e e d , a n d t h e 
n u m b e r of b r u s h e s , are cons idered . T h i s m a c h i n e o p e r a t e s 
d a y a n d n i g h t , s e v e n d a y s i n t h e w e e k , a n d p r a c t i c a l l y c o n t i n ­
u o u s l y dur ing t h e ent i re year . T a k i n g t h e per iphera l s p e e d 
i n t o a c c o u n t , t h e a b o v e ra te of w e a r represen t s a t o t a l t r a v e l 
of e a c h r ing of a b o u t 3 .6 m i l l i o n m i l e s for e a c h i n c h d e p t h of w e a r , 
or a b o u t 150 t i m e s a r o u n d t h e e a r t h a l o n g a grea t c ircle . C o n ­
s ider ing t h a t t h e r e are b r u s h e s b e a r i n g o n e a c h ring a t i n t e r v a l s 
of a b o u t e i g h t i n . , a w e a r of o n e i n . , for e v e r y 3 .6 m i l l i o n m i l e s 
t r a v e l e d , d o e s n o t s e e m u n d u l y large . If, a t t h e s a m e t i m e , i t 
i s c o n s i d e r e d t h a t t h e b r u s h e s are co l l ec t ing f r o m 7 5 0 0 t o 1 0 , 0 0 0 
a m p e r e s f r o m e a c h r ing o n a t o t a l ring surface of a b o u t 3J i n . 
w i d e b y 4 2 in . d i a m e t e r , i t i s n o t surpris ing t h a t t h e r e s h o u l d 
b e m o r e or l e s s " w e a r " d u e t o t h e c o l l e c t i o n of t h i s current . 
I n f a c t , t h e current c o l l e c t e d a v e r a g e s f r o m 16 t o 2 0 a m p e r e s 
per square i n c h of t h e t o t a l ring w e a r i n g surface . T h i s m a y b e 
c o m p a r e d w i t h s t a n d a r d prac t i ce w i t h l a r g e d-c. c o m m u t a t o r s , 
i n w h i c h 1 | t o 2 a m p e r e s per s q u a r e i n c h of c o m m u t a t o r face 
is u s u a l a n d 3 a m p e r e s is e x t r e m e . 
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O n a c c o u n t of t h e final success of t h i s m a c h i n e , t h e s t o r y of 
i t s d e v e l o p m e n t is a m o r e p l e a s a n t o n e t o te l l t h a n i s t h e case 
i n s o m e i n s t a n c e s w h e r e en t i re ly n e w t y p e s of a p p a r a t u s are 
u n d e r t a k e n . I t m i g h t b e sa id , af ter r e v i e w i n g t h e forego ing 
d e s c r i p t i o n , t h a t m a n y of t h e t r o u b l e s e n c o u n t e r e d w i t h t h i s 
m a c h i n e c o u l d h a v e b e e n foreseen; b u t s u c h a s t a t e m e n t w o u l d 
b e o p e n t o q u e s t i o n , for t h e eng ineers of t h e m a n u f a c t u r i n g 
c o m p a n y w e r e i n f r e q u e n t s e s s ion o n all t h e v a r i o u s p h a s e s a n d 
diff iculties w h i c h d e v e l o p e d . T h e wr i ter k n o w s t h a t i n m a n y 
case s , af ter a n y i n d i v i d u a l t r o u b l e w a s k n o w n , s u g g e s t i o n for 
r e m e d i e s w e r e n o t r e a d i l y f o r t h c o m i n g . T h e w r i t e r d o e s n o t 
k n o w of a n y i n d i v i d u a l m a c h i n e w h e r e m o r e e n g i n e e r i n g a n d 
m a n u f a c t u r i n g skil l w a s e x p e n d e d i n e n d e a v o r i n g t o br ing a b o u t 
succes s , t h a n w a s t h e case w i t h t h i s m a c h i n e . A s a n e x a m p l e 
of e n g i n e e r i n g p e r t i n a c i t y , t h i s m a c h i n e i s p o s s i b l y w i t h o u t a 
rival. A m e r e t e l l i n g of t h e s t o r y c a n n o t g i v e m o r e t h a n a 
s l ight i d e a of t h e a c t u a l fight t o o v e r c o m e t h e v a r i o u s diff icult ies 
e n c o u n t e r e d i n t h e d e v e l o p m e n t of t h i s m a c h i n e . 
T h e resu l t s o b t a i n e d w e r e v a l u a b l e i n m a n y w a y s . M a n y 
d a t a were o b t a i n e d w h i c h h a v e s ince b e e n of grea t u s e , both , f r o m 
a. t h e o r e t i c a l a s we l l as a pract i ca l s t a n d p o i n t , i n o t h e r c lasses 
of a p p a r a t u s . C e r t a i n f u n d a m e n t a l c o n d i t i o n s e n c o u n t e r e d i n 
t h i s m a c h i n e h a v e l ed t o t h e s t u d y of o t h e r a l l i ed pr inc ip les 
w h i c h p o i n t t o w a r d poss ib i l i t i e s i n o t h e r l ines of e n d e a v o r . 
T h e r e f o r e t h i s m a c h i n e , w h i c h w a s v e r y c o s t l y i n i t s d e v e l o p ­
m e n t , m a y e v e n t u a l l y p a y for i tself t h r o u g h i m p r o v e m e n t s a n d 
d e v e l o p m e n t s i n o t h e r l ines of des ign . 
T h e wr i t er w i s h e s t o s a y a g o o d w o r d for t h e p u r c h a s e r of t h i s 
n e w a p p a r a t u s . H e w a s long-suf fer ing , a n d w a s u n d o u b t e d l y 
p u t t o m o r e or less t roub le a n d i n c o n v e n i e n c e , b u t n e v e r t h e l e s s 
h e g a v e o p p o r t u n i t y t o correc t diff icult ies . H e r e c o g n i z e d t h a t 
t h e e n g i n e e r s w e r e c o n f r o n t e d w i t h a n e w p r o b l e m in t h i s m a ­
chine a n d h e g a v e t h e m a n o p p o r t u n i t y t o carry i t t h r o u g h t o 
success . A p p a r a t u s of t h i s t y p e c o u l d o n l y b e d e v e l o p e d t o 
full s u c c e s s i n c o m m e r i c a l o p e r a t i o n , a s all t h e diff icult ies e n ­
c o u n t e r e d w o u l d n e v e r h a v e b e e n f o u n d o n s h o p t e s t . T h e r e ­
fore, t h e a t t i t u d e of t h e c u s t o m e r w a s of p r i m e i m p o r t a n c e i n 
t h e d e v e l o p m e n t of s u c h a m a c h i n e . 
